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Report  Title 


ABSTRACT 

This  contract  supported  the  development  of  fluorescence-based  sensory  methods  for  the  standoff  detection  of  explosives.  In  a  subset  of 
these  technologies  electronic  (conjugated)  polymers  serve  to  amplify  analyte-induced  signals.  New  polymers  were  developed  with  different 
electronic  structures/electron  affinities  to  produce  specific  responses  to  classes  of  molecules.  Organization  schemes  were  developed  to 
create  materials  with  enhanced  absorptions  and  strong  narrow  emissions.  Methods  to  stabilize  polymers  from  photobleaching  were 
developed  based  upon  small  molecule  additives.  Specific  transduction  methods  were  developed  for  the  detection  of  nitro-amide  and 
nitro-ester  groups,  found  in  the  high  explosives  RDX  and  PETN.  In  these  schemes  the  photochemical  transformation  (sunlight)  causes  a 
reaction  sequence  between  the  sensory  material  and  the  explosives  that  generates  a  new,  highly  specific,  sensory  signal.  These  potentially 
standoff  optical  methods  were  shown  to  be  robust  with  sensitivity  limits  that  match  present  day  (stationary)  explosives  equipment  based 
upon  ion  mobility  spectrometers.  Novel  polymers  were  developed  for  the  fluorescent  detection  of  peroxides.  New  standoff  methods  for  the 
detection  of  the  aromatic  components  of  fuel  oil  and  diesel  fuel  were  developed  that  made  use  of  the  use  of  a  strongly  optical  absorbing 
complex  with  a  highly  specific  indicator.  In  these  methods  two  laser  beams  are  used,  and  one  is  attenuated  by  the  complex  to  produce  a 
signal  that  is  a  ratio  of  the  intensities. 
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Statement  of  the  Problem 

Luminescent  sensory  materials  have  enabled  detection  of  explosives  vapors  in  the 
battlefield.  Point  detectors  developed  around  these  luminescent  materials  called  Fido™ 
are  now  established  as  an  indispensable  asset  to  soldiers  in  Iraq.  The  development  of 
additional  materials  that  are  designed  to  be  sensitive  to  a  broad  range  of  explosives 
enables  a  robust  solution  to  standoff  detection  of  explosives.  The  detection  principles 
will  be  based  on  pre-seeding  areas  of  interest  with  luminescent  sensory  particles  followed 
by  laser  excitation  of  the  particles  and  remote  multi-channel  spectroscopic  monitoring. 
Particles  can  be  designed  to  give  strong  emissive  signals  and  simultaneously  detect 
multiple  classes  of  explosives  (i.e.  nitroaromatics,  RDX,  PETN,  peroxides,  etc.)  in 
multiplexed  schemes.  A  particular  advantage  of  this  method  is  that  the  particles  will 
respond  to  vapors  emanating  from  the  explosives.  This  response  will  create  a  large 
signature  (multiple  square  meters)  and  optical  detection  do  not  require  a  line  of  sight 
directly  to  the  explosive  device.  The  expanded  target  reduces  the  density  of  the  pattern  to 
be  rastered  by  the  excitation  lasers  and  thereby  allow  for  more  robust  and  rapid  detection 
than  a  system  that  must  directly  illuminate  the  explosive  device.  Standoff  detection 
methods  have  been  initially  demonstrated  with  particles  containing  novel  sensory 
materials  developed  at  MIT  for  TNT,  PETN,  RDX  and  fuel  oil  detection.  Additional 
explosives  detection  materials  will  be  developed  to  sense  other  explosives  and  to 
optimize  standoff  detection  by  tailoring  the  spectral  characteristics  of  the  sensory 
particles  (wavelength,  lifetime,  etc.).  This  team  will  demonstrate  reliable  indication  of 
the  location  of  explosives  in  complex  environments  at  distances  greater  than  100  meters. 
To  enhance  standoff  detection  different  optical  methods  were  developed,  downselected, 
and  optimized  that  make  use  of  luminescence  depolarization,  lifetime  modulation, 
ratiometric  multiwavelength  detection  and  excitation  at  eye-safe  wavelengths. 


Summary  of  the  Most  Important  Results 

Stabilization  of  Polymer  Sensors  for  Outdoor  Applications 

Methods  were  developed  to  reduce  polymer  bleaching  under  direct  sunlight.  A  number 
of  additives  were  produced  that  worked  as  either  to  react  with  reactive  oxygen  species  or 
to  deactivate  the  triplet  states  of  the  polymers  that  give  rise  to  the  degradation  pathways. 
Small  molecule  additives  that  act  as  either  radical  traps  or  triplet  quenchers  were  found  to 
decrease  the  extent  of  photobleaching  in  thin  films  of  a  pentiptycene-containing  poly(p- 
phenylene  ethynylene)  and  poly(9,9-dioctylfluorene).  Hydrogen  atom  donors,  such  as 
cycloheptatriene  and  A,A-dioctyl-l,4-dihydro-o-toluamide,  preserved  approximately  80% 
of  the  initial  emission  intensities  of  thin  films  after  30  and  60  minutes  of  continuous 
irradiation,  respectively.  Such  radical  traps  are  proposed  to  quench  reactive  radicals 
formed  in  thin  films  by  photoionization  of  the  polymers.  Alkylated  cyclooctatetraenes 
(COTs)  functioned  as  efficient  triplet  quenchers  and  retained  up  to  95%  of  the  initial 
emission  intensities  of  thin  films  o  after  30  and  60  minutes  of  continuous  irradiation, 
respectively.  COTs  are  believed  to  improve  the  photostabilities  by  rapidly  deactivating 
the  triplet  excited  state  of  these  polymers  and  thus  hindering  the  sensitized  formation  of 
reactive  singlet  oxygen. 


New  High  Stability  Conjugated  Polymer  Sensory  Materials 

A  new  polymerization  technique  that 
allows  for  the  first-ever  synthesis  of 
poly(phenylenedicyanovinylene)s 
(PPCN2Vs)  was  developed. 

PPCN2Vs,  with  their  high  electron 
affinities  and  structural  versatility, 
seem  ideally  suited  to  address  the 
need  for  new  n-type  sensory 
polymers  (Figure  1).  Remarkably  the 
polymers  presented  herein  become 
more  photoluminescent,  in  the  thin 
film,  under  continuous  irradiation. 

This  behavior  makes  them  attractive 
for  utilization  in  exterior  applications.  We  also  developed  a  novel  process  for  the 
conversion  of  polymers  containing  alkynes  to  produce  responsives  all  cis- 
poly(phenylenevinylene)s  (PPVs).  This  technique  was  then  applied  to  the  reduction  of  a 
poly(phenyleneethynylene)  (PPE)  to  provide  the  corresponding  all-crv  PPV  polymer. 


Figure  1.  A  new  polymerization  that  gives  rise 
to  PPCN2V  (PI),  which  displays  enhance 
luminescence  with  UV  illumination. 


Methods  for  Creating  Ultra-Luminescent  Materials 

Several  fluorescent  macrocycles  based  on  1,3-butadiyne-bridged  dibenz [a j] anthracene 
sub-units  have  been  synthesized  via  a  multistep  route.  The  synthetic  strategy  involved  the 
initial  construction  of  a  functionalized  dibenz  [aj] anthracene  building  block,  subsequent 
installation  of  free  alkyne  groups  on  one  side  of  the  polycyclic  aromatic  framework,  and 
a  final  cyclization  based  on  a  modified  Glaser  coupling  under  high-dilution  conditions. 
Photophysical  studies  on  three  conjugated  macrocycles  revealed  the  formation  of  J- 
aggregates  in  thin  films  as  well  as  in  concentrated  solid  solutions  (polyisobutylene 
matrix)  with  peak  absorption  and  emission  wavelength  in  the  range  of  X  =  460  nm  to  "k  = 
480  nm  (Figure  2).  The  characteristic  red-shifting  of  the  J-aggregate  features  as  compared 
to  the  monomer  spectra,  enhancement  in  absorption  intensities,  narrowed  linewidths,  and 
minimal  Stokes  shift  values, 
were  all  observed.  We 
demonstrate  that  improvements 
in  spectral  features  can  be 
brought  about  by  annealing  the 
films  under  a  solvent-saturated 
atmosphere,  where  for  the  best 
films  the  luminescence  quantum 
efficiency  as  high  as  92%  was 
measured.  This  class  of 
macrocycles  represents  a  new 
category  of  J-aggregates  that 
due  to  their  high  peak  oscillator 


Figure  2.  Absorption  spectra  of  a  macrocycle  that 
is  luminescent  in  solution  (blue  curve)  and 
assembles  into  a  super-luminescent  J-aggregate  in 
the  solid  state  (red  curve). 


strength  and  high  luminescence  efficiency  have  the  potential  to  be  utilized  in  a  variety  of 
optoelectronic  devices. 


New  azaperylene  9,10-dicarboximides  3 
and  4  were  developed  as  ultrastable  far-red 
emitters.  1-Aza-  and  1 ,6-diazaperylene 
9,10-dicarboximides  containing  a  2,6- 
diisopropylphenyl  substituent  at  the  N- 
imide  position  were  synthesized  in  two 
steps  starting  from  naphthalene  and 
isoquinoline  derivatives.  The  eventual  goal 
of  these  materials  is  to  functionalize  them 
to  create  long  lifetime  emitters  for  multiplexed  (time  gated)  standoff  sensing. 

Rylene  dyes  functionalized  with  varying  numbers  of  phenyl  trifluorovinylether  (TFVE) 
moieties  were  subjected  to  a  thermal  emulsion  polymerization  to  yield  shape-persistent, 
water-soluble  chromophore  nanoparticles.  Perylene  and  terrylene  diimide  derivatives 
containing  either  two  or  four  phenyl  TFVE  functional  groups  were  synthesized  and 
subjected  to  thermal  emulsion  polymerization  in  tetraglyme.  Dynamic  light  scattering 
measurements  indicated  that  particles  with  sizes  ranging  from  70  -  100  nm  were  obtained 
in  tetraglyme,  depending  on  monomer  concentration.  The  photophysical  properties  of 
individual  monomers  were  preserved  in  the  nanoemulsions  and  emission  colors  could  be 
tuned  between  yellow,  orange,  red,  and  deep  red.  The  nanoparticles  were  found  to  retain 
their  shape  upon  dissolution  into  water  and  the  resulting  water  suspensions  displayed 
moderate  to  high  fluorescence  quantum  yield. 


uu 
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Figure  3.  Polymer  nanoparticles  formed  by  thermal  polymerization  of 
trifluro  vinylether  s . 


Unique  Transduction  Chemistry  for  Nitroesters  and  Nitroamides 


The  nitramine-containing  explosive 
RDX  and  the  nitroester-containing 
explosive  PETN  are  shown  to  be 
susceptible  to  photofragmentation 
upon  exposure  to  sunlight.  Model 
compounds  containing  nitroester  and 
nitramine  moieties  are  also  shown  to 
fragment  upon  exposure  to  UV 
irradiation.  The  products  of  this 
photofragmentation  are  reactive, 
electrophilic  NOx  species,  such  as 
nitrous  and  nitric  acid,  nitric  oxide. 


Figure  4.  Schematic  representation  of  the 
reaction  of  indicators  with  reactive  NOx  species 
from  UV  illumination  of  explosives  to  create 
new  emissive  Droducts. 


and  nitrogen  dioxide.  N,N- 
Dimethylaniline  is  capable 
of  being  nitrated  by  the 

reactive,  electrophilic  NOx 
photofragmentation 
products  of  RDX  and 

PETN.  A  series  of  9,9- 
disubstituted  9,10- 

dihydroacridines  (DHAs) 
are  synthesized  from  either 
/V-phenylanthranilic  acid 
methyl  ester  or  a 

diphenylamine  derivative 
and  are  similarly  shown  to 
be  rapidly  nitrated  by  the 
photofragmentation 
products  of  RDX  and 

PETN.  A  new  (tum-on) 
emission  signal  at  550  nm  is 
observed  upon  nitration  of 
DHAs  due  to  the  generation 
of  fluorescent  donor- 
acceptor  chromophores. 
Using  fluorescence 

spectroscopy,  the  presence 
of  ca.  1.2  ng  of  RDX  and 
320  pg  of  PETN  can  be 
detected  by  DHA  indicators 
in  the  solid  state  upon 
exposure  to  sunlight.  The 
nitration  of  aromatic  amines 
by  the  photofragmentation 
products  of  RDX  and  PETN 
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Figure  5.  (A)  Emission  profile  (Xex  420  nm)  of  a  glass 
slide  coated  with  DHA5  (black  line)  and  the  same  slide 
after  spotting  with  ca.  10  ng  of  RDX  and  irradiating  with 
a  solar  simulator  for  60  seconds  (green  line).  (B)  Picture 
of  a  glass  slide  coated  with  DHA5,  spotted  with  ca.  10  ng 
RDX  and  exposed  to  simulated  sunlight  for  120  s.  (C) 
Limits  of  solid-state  detection  of  RDX  and  PETN  as 
measured  by  monitoring  the  change  in  emission  intensity 
at  540  nm  unon  exnosure  to  simulated  sunlight. 


is  presented  as  a  unique,  highly  selective  detection  mechanism  for  nitroester-  and 
nitramine-containing  explosives  and  DHAs  are  presented  as  inexpensive  and 
impermanent  fluorogenic  indicators  for  the  selective,  standoff/remote  identification  of 
RDX  and  PETN. 


Demonstration  of  Standoff  Sensing  and  Imaging 

New  methods  for  the  detection  of  ANFO  were  investigated  based  upon  the  ability  of  2,3- 
dichloro-5,5-dicyano-l,4-benzoquinone  to  form  strong  charge  transfer  complexes  with 
alkylated  aromatic  compounds  that  are  found  in  higher  boiling  fuels  and  oils.  By  using  a 
two  laser  system  and  reflectors  we  were  able  to  readily  detect  diesel  fuel  at  a  distance  of 
5  meters  with 
simple  lasers  and  a 
detector  (Figure 
6).  It  is  expected 
that  systems  using 
retro-reflective 
devices  could  be 
readily  fielded  for 
this  purpose. 


Diesel 


Figure  6.  Detection  at  5  m  or  the  presence  of  diesel  vapor.  Note 
that  only  one  of  the  laser  beams  is  attenuated. 


Additional  demonstrations  were  made  for  the  disturbance  of  soil/sand  and  using  simple 
filters  and  digital  cameras,  it  was  found  that  far  red  dyes  and  nanoparticles  such  as  those 
described  in  this  program  could  be  readily  imaged  in  daylight.  Formulations  that  had  a 
tacky  (sticky)  nature  were  developed  to  adhere  to  surfaces  and  shoes. 
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Introduction.  The  photobleaching,  or  reduction  in  fluores¬ 
cence  quantum  yield,  of  fluorescent  dyes  upon  continuous 
excitation  is  a  commonly  encountered  problem.1  The  mechanism 
of  photobleaching  in  fluorescent  dyes  has  been  shown  to  be 
complex,  sensitive  to  environmental  and  excitation  conditions, 
and  specific  to  each  dye.2  Nevertheless,  two  primary  pathways 
are  invoked  to  explain  the  photodegradation  of  fluorophores.3 
In  the  first  pathway,  fluorophores  are  degraded  by  reaction  with 
singlet  oxygen,  which  is  produced  by  sensitization  of  ground- 
state  triplet  oxygen  by  a  small  population  of  triplet- state 
fluorophores.4  The  second  pathway  involves  reactive  radical 
intermediates  formed  by  the  photoionization  of  fluorophores 
upon  excitation  to  the  first  or  higher  excited  electronic  states  in 
a  polar  environment.5 

Photobleaching  is  observed  in  most  fluorescent  conjugated 
polymers  (CPs),  such  as  poly(phenylene)s  (PPs),6  poly (p- 
phenylenevinylene)s  (PPVs),7  and  poly(/?-phenylene  ethy- 
nylene)s  (PPEs),8  in  both  solution  and  the  solid  state.  In  such 
polymeric  systems,  photooxidation  of  a  few  repeat  units  can 
create  nonemissive  traps  capable  of  quenching  any  excitons 
formed  in  the  polymer  and,  thus,  decreasing  its  fluorescence 
quantum  yield  over  time.  This  effect  is  most  important  in  thin 
films  wherein  energy  migration  to  nonemissive  traps  is  most 
efficient. 

Approaches  to  retard  the  photobleaching  of  fluorophores 
usually  entail  the  introduction  of  small  molecule  additives  (via 
either  an  ad  mixture  or  a  covalent  linkage)  specifically  designed 
to  counter  one  or  both  of  the  degradation  pathways  mentioned 
earlier.  For  example,  antioxidants,  such  as  ascorbic  acid,30,9 
^-propyl  gallate,10  /Tmercaptoethanol,30,11  and  cysteine  hydro¬ 
chloride,12  are  employed  to  trap  reactive  radicals  in  fluoro- 
phore  solutions.  Triplet  quenchers,  such  as  cyclooctatetraene 
(COT),3a13  mercaptoethylamine,3a  and  trans-stilbene  (TS),3b14 
are  used  to  rapidly  deactivate  the  triplet  excited-state  of 
fluorophores,  which  can  otherwise  sensitize  the  formation  of 
singlet  oxygen  by  energy  (or  electron)  transfer  to  triplet  oxygen. 
Tertiary  amines,15  especially  l,4-diazabicyclo[2.2.2]octane  (DAB- 
CO),16  are  employed  as  singlet  oxygen  quenchers  in  solution. 
In  this  case,  singlet  oxygen  formation  is  not  inhibited,  but  the 
added  DAB  CO  is  proposed  to  regenerate  unreactive  triplet 
oxygen  from  singlet  oxygen  via  reversible  electron  transfer. 

Surprisingly,  the  utility  of  such  additives  in  curbing  the 
photobleaching  of  CPs  has  not  been  thoroughly  investigated. 
Since  CPs  find  application  in  a  variety  of  devices,  for  example, 
organic  light-emitting  diodes,17  solar  cells,18  and  optically 
pumped  lasers,19  and  as  fluorescent  sensors  for  a  wide  array  of 
analytes,20  retarding  photooxidation  processes  in  these  polymers 
is  a  topic  of  significant  interest.  Herein  we  investigate  the  effect 


*  Corresponding  author.  E-mail:  tswager@mit.edu. 


A 


Figure  1.  (A)  Structures  of  the  fluorescent  polymers  used  in  this  work. 
(B)  General  approach  for  the  design  of  antioxidants. 

of  added  antioxidants  and  triplet  quenchers  on  the  photo  sta¬ 
bilities  of  thin  films  of  a  pentiptycene-containing  PPE,  PI,  and 
poly(9,9-dioctylfluorene),  P2  (Figure  1A).  The  rational  design 
and  synthesis  of  antioxidants  and  triplet  quenchers  that  are 
compatible  with  conjugated  polymer  films  are  also  presented. 

Results  and  Discussion.  Additive  Design.  In  choosing 
antioxidants  to  use  with  thin  films  of  PI  and  P2,  a  major 
consideration  is  the  solubility  of  the  additives  in  the  polymers, 
since  phase  separation  of  the  additives  will  preclude  any 
beneficial  effects.  Ascorbic  acid  and  n-propyl  gallate  were  not 
acceptable  additives  as  they  were  insoluble  in  the  PPE  matrix; 
similarly,  polar  /Tmercaptoethanol  and  ionic  cysteine  hydro¬ 
chloride  are  not  expected  to  be  soluble  in  either  PI  or  P2. 
Additionally,  the  oxidized  form  of  the  antioxidant,  or  the  product 
of  any  reaction  with  reactive  radicals,  must  not  quench  the 
fluorescence  of  PI  or  P2. 

Adhering  to  these  prescriptions,  we  proposed  using  a  1,4- 
dihydrobenzene  moiety  (Figure  IB)  as  the  active  component 
in  antioxidants.  1 ,4-Dihydrobenzenes  are  predicted  to  quench 
any  reactive  radicals  by  liberating  up  to  two  hydrogen  atoms 
(H*),  and  the  benzene  thus  produced  will  not  quench  the 
fluorescence  of  a  conjugated  polymer  film.  In  addition,  2,6-di- 
fe/7-butyl-p-cresol  (BHT)  and  cycloheptatriene  (CHT)  were  also 
investigated  as  antioxidant  stabilizers.  It  was  anticipated  that 
both  the  aryloxy  radical  and  the  tropelium  cation  generated  by 
oxidation  of  BHT  and  CHT,  respectively,  will  not  quench  the 
fluorescence  of  the  polymers  investigated. 

To  minimize  the  detrimental  effects  of  singlet  oxygen,  a 
variety  of  COTs,  including  COT  itself,  and  tra^-stilbene  (TS) 
were  investigated  as  potential  triplet  quenchers.  Since  COT  is 
volatile  and  does  not  exhibit  thermal  stability,  some  alkylated 
derivatives  were  synthesized  to  counter  the  evaporation  of  COT 
from  thin  films  of  PI  and  P2.  Furthermore,  the  use  of  DABCO 
as  a  singlet  oxygen  quencher  was  also  investigated. 

The  effects  of  the  aforementioned  additives  on  the  emission 
intensities  of  PI  and  P2  were  compared  against  those  of  dioctyl 
phthalate  (DOP),  a  common  plasticizer,  to  confirm  that  any 
observed  photostability  does  not  arise  from  simple  plasticization. 
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Figure  2.  Structures  of  the  small  molecule  additives  investigated  in  this  work. 


Synthesis.  Additives  BHT,  NTMS,  CHT,  DABCO,  and 
COT  and  the  dioctyl  phthalate  (DOP)  plasticizer  control  (Figure 
2)  are  commercially  available.  1 ,4-Dihydro-6>-toluamide  addi¬ 
tives  TA1  and  TA2  were  synthesized  in  one-pot  with  83%  and 
73%  yields,  respectively,  from  commercially  available  1,4- 
dihydro-o-toluic  acid  via  the  acyl  chloride  (see  Supporting 
Information).  As  previously  reported,  THMCOTDA  was 
synthesized  by  a  nickel(0)-catalyzed  cyclo-tetramerization  of 
propargyl  alcohol  and  the  isomer  shown  in  Figure  2  isolated 
by  formation  of  a  diacetonide.21  C3COT  was  synthesized  from 
THMCOTDA  in  three  steps  with  24%  overall  yield  (see 
Supporting  Information).  Additionally,  1-hexyne  was  subjected 
to  nickel(0)-catalyzed  cyclization  conditions  to  yield  a  mixture 
of  four  tetrabutyl-COT  isomers  (C4COTs,  82%  by  GC-MS 
analysis)  and  three  tributylbenzene  isomers  (18%).  The  tetrabu- 
tyl-COT  isomers  could  not  be  satisfactorily  isolated  from  the 
cyclotrimers  by  column  chromatography  or  separated  by  vacuum 
distillation  without  decomposition.  Nevertheless,  the  mixture 
was  investigated  as  an  additive  with  the  rationale  that  the 
tributylbenzene  impurities  will,  at  worst,  serve  as  plasticizers 
for  the  polymer  film. 

Polymer  Thin  Films.  Commercial  P2  was  used  without 
purification.  Polymer  PI  was  purified  by  multiple  reprecipita¬ 
tions  from  methanol  and  washing  with  metal  scavengers  to 
exclude  any  impurities  capable  of  giving  rise  to  a  false  positive 
result.  Thin  films  of  PI  and  P2  were  spin-coated  from 
chloroform  solutions  on  22  x  22  mm2  glass  substrates  with 
either  25  or  50  wt  %  of  each  additive  added  to  the  spin-coating 
solutions.  The  uniformity  of  each  thin  film  was  confirmed  by 
equivalent  UV— vis  absorption  intensities  from  three  different 
regions  of  the  film.  Photobleaching  was  accomplished  by 
continuously  irradiating  (2  =  440  nm  for  PI,  400  nm  for  P2) 
a  0.25  cm2  area  of  the  films  with  a  450  W  Xe  arc  lamp  under 
aerobic  conditions  with  an  average  power  density  of  6.3  mW/ 
cm2.  The  emission  intensity  at  the  emission  maximum  versus 
time  was  monitored  for  each  polymer/additive  combination  over 
either  30  min  (PI)  or  60  min  (P2)  and  the  percent  of 
photobleaching  was  calculated  from  the  loss  in  fluorescence 
intensity  at  the  maximum  emission  wavelength. 

Photobleaching.  Figure  3  shows  a  graph  of  the  percent  of 
the  initial  emission  intensity  that  remains  after  the  30  min 
irradiation  period  for  PI.  Antioxidants  BHT,  NTMS,  and  TA1 
and  the  singlet  oxygen  quencher  DABCO  behaved  similar  to 
the  plasticizer  control  DOP  and  therefore  did  not  display  a 
significant  stabilization  effect.  However,  antioxidants  CHT  and 


Figure  3.  Percent  remaining  fluorescence  intensity  of  thin  films  of  PI 
mixed  with  either  10,  25,  or  50  wt  %  stabilizers  after  irradiation  for  30 
min  at  440  nm.  The  optical  density  of  all  the  thin  films  was  0.1  ± 
0.01. 

TA2  were  effective  at  stabilizing  PI,  with  up  to  90  and  80%  of 
the  initial  fluorescence  retained  after  30  min,  respectively.  The 
superior  effectiveness  of  TA2  over  TA1  is  attributed  to  the 
improved  miscibility  of  the  A,A-dialkylamide  moiety  of  TA2 
in  the  conjugated  polymer  matrix  compared  to  the  mono-A- 
alkylated  amide  of  TA1.  However,  TA2  was  discovered  to  be 
significantly  more  susceptible  to  autoxidation  than  TA1  and 
could  not  be  stored  for  longer  than  approximately  1—2  months 
at  —4  °C.  Also,  antioxidant  CHT  evaporated  from  spun-cast 
films  with  relative  ease  due  to  its  volatility  and  therefore  did 
not  indefinitely  impart  photostability  to  thin  films  of  PI. 

Greater  success  was  achieved  with  the  use  of  triplet  quenchers 
as  stabilizing  additives.  Starting  with  COT,  up  to  90%  of  the 
initial  emission  intensity  was  conserved  with  25  wt  %  of  the 
additive.  This  result  is  echoed  by  both  C3COT  and  THM¬ 
COTDA,  the  latter  slightly  surpassing  COT.  In  comparison, 
the  C4COTS  underperformed  with  only  75%  of  the  initial 
intensity  remaining  after  30  min;  this  is  presumably  due  to  the 
decreased  COT  content  in  the  mixture  and  any  counterproduc¬ 
tive  effects  arising  from  the  tributylbenzene  impurities.  Ad¬ 
ditionally,  the  presence  of  25  wt  %  trans-stiVoznz  displayed  a 
moderately  stabilizing  effect  on  PI,  although  the  effect  was 
attenuated  at  a  higher  concentration. 

Although  the  use  of  COT  to  stabilize  thin  films  of  PI  suffered 
from  the  same  evaporative  loss  encountered  with  CHT,  tet- 
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Figure  4.  Percent  remaining  fluorescence  intensity  of  thin  films  of  P2 
mixed  with  either  10,  25,  or  50  wt  %  stabilizers  after  irradiation  for  60 
min  at  400  nm.  The  optical  density  of  all  the  thin  films  was  0.1  ± 
0.01. 

raalkylated  C3COT  and  THMCOTDA  proved  effective  solu¬ 
tions  to  this  problem.  Moreover,  THMCOTDA  exhibited 
remarkable  thermal  and  chemical  stability  and  did  not  noticeably 
phase  separate  from  PI  in  thin  films. 

Concentration-dependent  studies  revealed  that  in  all  successful 
cases  an  additive  concentration  of  at  least  20  wt  %  was  required 
to  observe  statistically  significant  stabilization.  This  observation 
is  consistent  with  the  practice  of  using  high  concentrations  (ca. 
10-3  M)  of  similar  additives  to  stabilize  dilute  solutions  (ca. 
10-5  M)  of  fluorophores.9-16  We  hypothesize  that  since 
fluorescence  stabilization  by  both  triplet  quenching  and  radical 
trapping  is  ultimately  a  diffusion-controlled  process,  a  low 
additive  concentration  should  not  lead  to  significant  suppression 
of  photooxidation.  Therefore,  a  small  concentration  of  non- 
emissive  traps  will  still  be  formed  that  are  capable  of  quenching 
the  excitons  created  in  the  thin  film. 

Figure  4  shows  a  graph  of  the  percent  of  the  initial  emission 
intensity  of  P2  that  remains  after  60  min  of  continuous 
irradiation.  Similar  to  PI,  a  majority  of  the  investigated 
antioxidants  had  a  negligible  effect  on  the  photostability  of  P2, 
but  CHT  and  TA2  preserved  80%  and  70%  of  the  initial 
emission  intensity,  respectively.  The  stabilizing  effects  of  TA2 
proved  to  be  markedly  dependent  on  concentration,  with  50  wt 
%  of  the  additive  necessary  to  observe  meaningful  photostabi¬ 
lization. 

Also  in  keeping  with  previous  observations,  the  COT  triplet 
quenchers— specifically  COT,  THMCOTDA,  and  C4COTS— 
proved  most  successful  in  stabilizing  P2.  Surprisingly,  the 
C4COTS  were  reproducibly  superior  to  C3COT  in  retarding 
photobleaching  in  P2;  we  are  currently  unsure  as  to  the  origin 
of  this  observation.  Lastly,  as  with  PI,  the  COT  additives  did 
not  noticeably  phase  separate  from  thin  films  of  P2,  and  at  least 
20  wt  %  of  most  additives  was  necessary  to  observe  statistically 
significant  stabilization. 

Conclusions.  Hydrogen  atom  donors,  cycloheptatriene  (CHT) 
and  A,A,-dioctyl-l,4-dihydro-6>-toluamide  (TA2),  and  a  variety 
of  cyclooctatetraene  triplet  quenchers  effectively  retarded  the 
extent  of  photobleaching  in  thin  films  of  a  poly(p-phenylene 
ethynylene)  and  poly(fluorene).  CHT  and  TA2  preserved  up 
to  80%  of  the  initial  emission  intensities  of  both  polymers  after 
either  30  or  60  min  of  continuous  irradiation.  Tetraalkylated 


COTs,  C3COT,  C4COTs,  and  THMCOTDA,  proved  most 
successful  in  photo  stabilizing  polymer  thin  films,  with  up  to 
95%  of  the  initial  emission  intensity  retained  at  the  end  of  the 
30  or  60  min  irradiation  period.  Moreover,  these  additives  did 
not  phase  separate  or  evaporate  from  thin  films,  were  thermally 
stable,  and  could  be  stored  for  extended  periods  without 
significant  decomposition. 

Supporting  Information  Available:  Complete  experimental 
procedures  and  characterization  data.  This  material  is  available  free 
of  charge  via  the  Internet  at  http://pubs.acs.org. 
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The  application  of  polymeric  semiconductors  to  organic  light 
emitting  diodes,1  field-effect  transistors,2  and  photovoltaic  cells3 
requires  both  p-  and  n-type  materials.  Although  p-type  polymers 
are  readily  available,4  stable  n-type  polymers  remain  largely 
elusive.5  Access  to  conjugated  high  electron  affinity  polymers 
remains  a  critical  challenge  within  the  field  of  polymer  synthesis. 
One  of  the  most  successful  strategies  has  been  the  construction  of 
polytphenylene  vinylenes)  (PPVs)  containing  cyano-substituted 
olefins  via  a  polymeric  Knoevenagel  condensation.1,6  The  cyano 
substituents  greatly  increase  the  electron  affinity,  while  allowing 
for  the  tuning  of  the  polymer  properties  via  variation  of  the  aryl 
rings. 

Despite  the  utility  of  the  Knoevenagel  polymerization,  the 
technique  cannot  be  adapted  to  form  dicyano-PPVs  (PPCN2Vs). 
Such  polymers  would  have  even  greater  electron  affinities  than  the 
monocyano  variants,  but  no  syntheses  of  such  systems  have  been 
described.  Here  we  report  a  new  polymerization  technique,  which 
provides  access  to  PPCN  2V  polymers.  The  procedure  affords  higher 
molecular  weights  than  the  Knoevenagel  polymerization  and 
requires  only  a  single  starting  material.  The  resulting  polymers  are 
highly  photostable,  easily  reduced,  and  soluble  in  organic  solvents. 

The  oxidative  dimerization  of  phenyl  acetonitrile  using  an 
alkoxide  base  and  iodine  was  first  communicated  in  18927  and  has 
found  recent  use  in  materials  chemistry.8  It  had  not,  however,  been 
explored  in  the  synthesis  of  polymeric  systems.  M  onomer  l9  was 
chosen  to  test  the  polymerization  technique  based  on  the  prevalence 
of  M  EH-PPV.  We  found  that  the  addition  of  4  equiv  of  potassium 
tert-butoxide  to  1  at  reduced  temperature,  followed  by  the  gradual 
addition  of  iodine,  with  concurrent  warming,  resulted  in  efficient 
formation  of  PI  (Scheme  1).  As  expected  cyclic  voltammetry  of 
PI  demonstrated  that  it  possessed  a  smaller  reduction  potential  than 
that  of  the  CN-M  EH-PPV  polymer  derived  from  condensation 
polymerization.10 
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Additional  monomers  were  also  found  to  be  compatible  with 
this  polymerization  technique  (Scheme  l).11  Based  on  the  interest 


in  poly-3-hexylthiophene  (P3HT)  in  materials  science,12  the  cor¬ 
responding  PPCN2V  P2  was  generated,  which  also  demonstrated 
that  heterocycles  are  well  tolerated  by  this  polymerization  technique. 
The  low  quantum  yield  of  P2  is  consistent  with  the  weak 
fluorescence  of  a  related  monocyano  variant.13  P2  showed  negative 
solvatochromism  and  displayed  modestly  higher  quantum  yields 
in  nonpolar  solvents,14  which  possibly  supports  the  existence  of  a 
charge  transfer  deactivation  of  the  excited  state.  Less  electron-rich 
systems,  relative  to  PI,  also  appear  viable  as  shown  by  the  synthesis 
of  P3.  In  all  cases  the  polymers  were  free  of  side  products  as 
determined  by  NMR  and  elemental  analysis.15 

There  are  many  potential  pathways  that  this  polymerization  could 
be  proceeding  through  (Scheme  2).  Path  A  is  distinguished  from 
other  pathways  by  the  absence  of  a  saturated  intermediate  during 
polymerization.  By  using  fewer  equivalents  of  base/oxidant,  we 
were  able  to  test  for  the  existence  of  a  saturated  intermediate  and 
in  fact  a  copolymer  featuring  both  saturated  and  unsaturated  repeat 
units  was  observed.  This  polymer  can  be  converted  to  its  fully 
oxidized  form  (P3)  by  re-exposure  to  the  polymerization  conditions. 


Thus,  it  seems  reasonable  to  conclude  that  Path  A  is  notoperating 
in  this  polymerization.16  If  Path  B  is  the  predominant  mechanism 
then  meta-substituted  aromatic  systems  are  unlikely  to  polymerize 
efficiently.  In  comparison,  in  an  SN2  pathway  ( Path  C)  as  well  as 
a  carbene  pathway  ( Path  A)  the  geometric  relationship  between 
the  acetonitrile  substituents  is  irrelevant  and  meta-systems  should 
behave  similarly  to  the  para-systems;  this  was  not  observed  to  be 
the  case  (Scheme  3).  Thus,  it  would  appear  that  the  reaction  likely 
proceeds  most  favorably  through  a  quinoidal  intermediate  as  with 
the  G i Ich  polymerization.17 
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The  PPCN2Vs  have  unusual  photophysical  characteristics  in  thin 
films.  Prolonged  irradiation18  of  thin  films  of  PI  and  P3  resulted 
in  increased  photoluminescence  (Figure  l).19  Placing  the  thin  film 
in  the  dark  for  48  h  does  not  result  in  the  quantum  yield  reverting 
to  its  original  value;  rather  it  matched  that  observed  when  irradiation 
was  halted.  The  excellent  photostability  of  the  PPCN2Vs  is 
exemplified  by  contrasting  their  behavior  with  that  of  M  EH-PPV, 
which  bleaches  almost  instantly  under  the  same  conditions,  as  well 
as  BEHP-PPV,  which  is  marketed  as  a  photostable  PPV  but  showed 
a  steady  decline  in  fluorescence  after  60  min  of  irradiation  (Figure 
1).  In  comparison,  P3  possessed  a  greater  quantum  yield  than  its 
initial  value,  even  after  continuous  excitation  for  3  h.  Bleaching  of 
the  even  hardier  PI  was  not  observed. 


Figure  1.  Evolution  of  emission  intensity  of  thin  films  with  continuous 
irradiation  at  maximum  absorption:  426  (PI),  318  (P2),  485  (M  EH-PPV), 
and  402  nm  (BEHP-PPV). 

We  initially  thought  the  observed  increase  in  quantum  yield  was 
the  result  of  photodegradation  of  a  quenching  impurity.  However, 
neither  extensive  purification  of  the  polymer15  nor  performing  the 
irradiation  under  inert  atmosphere  altered  the  observed  increase  in 
quantum  yield.  We  now  favor  that  this  unique  behavior  results  from 
a  cis/trans  isomerization  in  some  of  the  subunits  of  the  polymer, 
as  is  known  to  occur  with  stilbene  systems.20  This  is  illustrated 
conceptually  in  Figure  2.  In  the  initial,  spun-cast,  film  (A)  the 
polymers  are  closely  packed  and  a  majority  of  excitons  are 
deactivated  by  self-quenching.21  Irradiation  of  the  thin  film  results 
in  cis/trans  isomerization  of  the  olefins  in  the  PPV  that  disrupts 
the  tight  packing  due  to  the  significant  geometrical  change 
associated  with  such  isomerizations  ( B ).  The  accompanying  di¬ 
minished  interpolymer  associations  reduce  quenching.  Removal  of 
the  polymer  from  light  could  result  in  the  polymers  returning  to 
their  original  conformer  distribution  (C).  However,  the  reduced 
mobility  of  polymer  chains  in  the  film  makes  thermal  reformation 
unlikely;  thus  the  increased  quantum  yield  persists. 


Figure  2.  Cis/trans  isomerization  as  a  rationale  for  the  observed  increase 
in  quantum  yield  in  the  thin  film. 

Proof  of  the  topological  change  proposed  in  Figure  2  was 
obtained  by  irradiating  a  thin  film  of  PI  at  400  nm  with  a  laser 
using  a  parallel-line  interference  pattern  and  examining  the  film 
by  atomic  force  microscopy  (AFM  )  (Figure  3).  The  images  show 
a  pronounced  increase  in  film  thickness,  ~12  nm  on  average,22  at 


Figure  3.  AFM  height  (left)  and  phase  (right)  images  of  a  196  nm  thick 
film  of  PI  after  exposure  to  a  parallel  line  interference  pattern  (400  nm,  2 
mW,  150  fs  pulses,  at  60  Hz  for  10  s).  The  circular  mark  near  the  center 
corresponds  to  a  film  defect. 

the  sites  of  irradiation.  No  such  effect  is  observed  using  BEHP- 
PPV,  suggesting  that  the  swelling  is  nota  resultof  localized  heating 
but  rather  is  a  consequence  of  the  disruption  of  the  packing  in  the 
thin  film  caused  by  the  cis/trans  isomerizations. 

In  summary,  anionic  oxidative  polymerization  represents  a  new 
means  to  access  conducting  polymers,  and  it  has  allowed  for  the 
first  ever  synthesis  of  PPCN2V  systems.  The  polymers  presented 
herein  are  extremely  photostable  and  represent  easily  accessible, 
high  electron  affinity  conductive  polymers. 
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Table  1.  Os-Selective  Reduction  of  Alkyne  Model  Systems 

1 .  Ti(0/-Pr)4  (3.5  eq), 
toluene,  rt  to  -78  °C 

2.  /- PrMgCI  (12.5  eq) 

A  _  A  -78  to -42  °C 

Ar — —  Ar  „  , ,  ^  , - - - - 

3.  H20  (excess) 

-42  °C  to  rt 


~12Hz 


Ar 


H  H 
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Introduction 

Poly(phenylenevinylene)s  (PPV s)  are  among  the  most  actively 
studied  conjugated  polymers.2  Although  many  techniques  to 
synthesize  high-molecular-weight  PPVs  exist,  they  are  largely 
limited  to  the  synthesis  of  predominantly  trans-PPVs.2  Recent 
work  by  Katayama  and  Ozawa  has,  for  the  first  time,  provided 
access  to  all  c/s- PPVs  by  way  of  a  stereospecific  Suzuki  — 
M  iyaura  cross-coupling  polymerization  of  l,4-bis((Z)-2-bro- 
movinyl)benzenes  with  arylbis(boronic  acid)s.3  We  have  been 
interested  in  an  alternative  approach  where,  rather  than  build  a 
PPV  with  a  preordained  stereochemistry,  a  postpolymerization 
syn-selective  reduction  on  a  polytphenylene  ethynylene)  (PPE) 
is  employed.  This  scheme  has  the  advantage  that  high- 
molecular-weight  PPEs  can  be  synthesized  using  either  Pd 
catalysis  or  alkyne  metathesis.4  This  route  could  also  potentially 
allow  for  the  access  to  an  additional  array  of  PPVs  that  are 
uniquely  accessible  from  PPEs.  The  transformation  of  the  triple 
bonds  in  PPEs  and  other  acetylene  building  blocks  to  alkenes5 
has  considerable  potential. 

Scheme  1 


Et 


Mn  =  103  kDa,  PDI  =  5.3,  <|>  =  0.82  spectral  measurements  Mn  =  61  kDa,  PDI  =  4.0,  <j>  =  0.29 
Kbs  =  449  nm  ^em  =  472  nm  are  for  THF  solutions  xabs  =  41 9  nm  ^em  =  533  nm 


Although  there  are  many  means  by  which  to  reduce  alkynes 
to  disubstituted  alkenes,6  we  judged  the  titanium-mediated 
reduction  developed  by  Sato  to  be  the  most  promising.7  This 
transformation  is  stoichiometric  in  both  titanium  and  magne¬ 
sium,  but  the  reduction  is  quantitative  and  completely  c/s- 
selective  for  a  wide  variety  of  alkyne  systems.  Additionally, 
the  titanium  and  magnesium  oxide  byproducts  can  be  easily 
removed  with  an  aqueous  work-up,  thus  minimizing  the  amount 
of  impurities  in  the  polymer  product.8 
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note:  R  =  /7-C8H17  for  the  contents  of  Table  1 
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Figure  1.  Overlay  of  normalized  fluorescence  spectrum  of  15  (blue) 
and  16  (red)  in  THF. 
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Figure  2.  Changes  in  the  absorption  spectrum  of  16  under  irradiation  (365  nm)  in  THF  demonstrating  a  transformation  from  the  c/s-alkene  to 
trans-  alkene  conformation. 
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Figure 3.  Changes  in  the  absorption  spectrum  of  17  under  irradiation  (365  nm)  in  THF  demonstrating  a  c/'s  to  trans  isomerization. 


Scheme  2 


Mn  =  24  kDa,  PDI  =  2.5,  $  =  0.86 
spectral  measurements  are  for  a  THF  solution  ,  _  nm  1  -4ft«nm 


Results  and  Discussion 

In  contrast  to  Sato’s  work,  diethyl  ether  was  not  a  suitable 
solvent  for  these  substrates.  However,  with  toluene  as  the 
solvent,  the  desired  c/s-olefins  are  obtained  in  excellent  yields 
and  selectivities  (entries  1  and  2,  Table  1).  The  geometry  of 
the  olefins  was  assigned  by  the  coupling  constants  of  the  vinyl 
protons.  The  reaction  is  tolerant  of  a  variety  of  substitution 


patterns,  most  notably  the  ortbo-bromo  groups  of  7  (entry  5) 
and  the  meta-alkyne  isomer  (9,  entry  6).  The  tetrayne  11  was 
also  successfully  reduced  (entry  7),  although  isolation  difficulties 
resulted  in  a  slightly  diminished  yield. 

The  low  temperature  of  the  reaction  made  application  to 
polymer  systems  challenging,  as  many  PPEs  are  insoluble  in 
toluene  at  -78  °C.9  However,  the  reaction  appears  viable  for 
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systems  that  are  soluble  at  low  temperatures.  U  sing  the  standard 
conditions,  polymer  15  was  cleanly  reduced  to  PPV  16  (Scheme 
1,  Figure  l).10,11  The  isolated  polymers  behaves  similarly  to 
the  materials  described  in  earlier  work  describing  all  c/s-PPVs,2 
and  these  materials  undergo  an  irreversible  red  shift  in  absor¬ 
bance  when  exposed  to  UV  light  (Figure  2). 

A  means  to  effectively  expand  the  scope  of  this  reaction  in 
the  synthesis  of  polymers  having  a//-c/s-PPV  linkages  is  to 
convert  p-bromo-functionalized  diyne  systems  such  as  9  to  the 
corresponding  c/s-diene  and  then  perform  a  Sonogashira  po¬ 
lymerization  with  a  diyne  to  make  an  a//-c/s-PPV/PPE  copoly¬ 
mer  (Scheme  2).  Polymer  17  shows  a  similar  cis-trans 
isomerization  under  irradiation  as  16  (Figure  3).  a//-c/s-PPV / 
PPE  copolymers  should  have  greater  availability  and  versatility 
compared  to  the  a//-c/s-PPV  accessed  via  the  titanium-mediated 
reduction  of  PPEs. 

Conclusion 

This  work  represents  the  first  and  only  example  of  converting 
a  PPE  to  an  a//-c/s-PPV  system.  Although  limited  in  polymer 
scope,  this  method  does  appear  complementary  to  existing  c/s- 
PPV  syntheses,  which  required  lengthy  monomer  synthesis  and 
did  not  provide  an  example  of  a  PPV  possessing  substitution 
on  both  phenyl  subunits.2  Additionally,  this  technique  provides 
access  to  potentially  useful  all-cis- monomers  for  use  in  polymer 
synthesis. 
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Abstract:  Several  fluorescent  macrocycles  based  on  1,3-butadiyne-bridged  dibenz[a,y']anthracene  subunits 
have  been  synthesized  via  a  multistep  route.  The  synthetic  strategy  involved  the  initial  construction  of  a 
functionalized  dibenz[a,y]anthracene  building  block,  subsequent  installation  of  free  alkyne  groups  on  one 
side  of  the  polycyclic  aromatic  framework,  and  a  final  cyclization  based  on  a  modified  Glaser  coupling 
under  high-dilution  conditions.  Photophysical  studies  on  three  conjugated  macrocycles  revealed  the  formation 
of  J  -aggregates  in  thin  films,  as  well  as  in  concentrated  solid  solutions  (polyisobutylene  matrix),  with  peak 
absorption  and  emission  wavelength  in  the  range  of  A  =  460-480  nm.  The  characteristic  red-shifting  of 
the  J  -aggregate  features  as  compared  to  the  monomer  spectra,  enhancement  in  absorption  intensities, 
narrowed  linewidths,  and  minimal  Stokes  shift  values,  were  all  observed.  We  demonstrate  that  improvements 
in  spectral  features  can  be  brought  about  by  annealing  the  films  under  a  solvent-saturated  atmosphere, 
where  for  the  best  films  the  luminescence  quantum  efficiency  as  high  as  92%  was  measured.  This  class 
of  macrocycles  represents  a  new  category  of  J  -aggregates  that  due  to  their  high  peak  oscillator  strength 
and  high  luminescence  efficiency  have  the  potential  to  be  utilized  in  a  variety  of  optoelectronic  devices. 


Introduction 

Shape- persistent  macrocycles  have  received  much  attention 
in  the  field  of  materials  science,  particularly  in  the  area  of 
nanoscale  architectures.1  The  first  macrocycle  featuring  two 
unfunctionalized  anthracenes  linked  by  1,3-butadiyne  bridges 
was  reported  in  1960,  but  due  to  the  lack  of  modern  synthetic 
and  characterization  methods,  the  nature  of  the  resulting  material 
was  not  rigorously  elucidated.2  Following  little  interest  in  such 
systems  over  the  next  four  decades,  reports  of  anthrylene- 
ethynylene  oligomers  and  macrocycles  have  surfaced  in  the  past 
5  years.3  However,  the  molecular  rigidity  and  lack  of  solubi¬ 
lizing  groups  resulted  in  the  reported  compounds  having  poor 
solubilities  in  common  solvents.  To  create  a  class  of  molecules 
that  could  have  potentially  interesting  photophysical  and  materi¬ 
als  properties,  we  embarked  on  the  design  of  conjugated 
macrocycles  based  on  rigid  dibenz[aj]anthracene  units  bridged 
by  butadiyne  jr-linkers.  This  was  a  logical  choice  since 
aryleneethynylene  and  1,3-butadiyne  linkages  are  frequently 
used  in  conjugated  systems  (e.g.,  polymers)  for  their  ability  to 
maintain  rigidity  and  jr-conjugation.4  The  polycyclic  aromatic 
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motifs  are  commonly  seen  in  other  areas  of  materials  science, 
notably  in  the  fields  of  discotic  liquid  crystals  and  graphitic 
materials.5  By  employing  various  modern  synthetic  transforma¬ 
tions,  it  was  possible  to  introduce  numerous  functionalities  (e.g., 
side  chains)  into  the  structure  to  give  better  solubility  and 
processability.  In  particular,  bulky  4-al koxyphenyl  substituents 
located  near  the  middle  of  the  macrocycles  serve  several 
purposes:  (1)  as  synthetic  handles  to  allow  for  the  facile 
electrophilic  cyclizations6  used  to  establish  the  dibenz[a,j]an- 
thracene  framework,  (2)  as  solubilizing  groups,  and  most 
importantly,  (3)  as  a  source  of  steric  hindrance  to  bring  about 
twisting  of  the  jr-system.  Such  distortion  of  the  rigid  framework 
by  steric  bulk  has  been  known  to  induce  slipped  stacking 
arrangements,7  resulting  in  aggregate  structures  with  unique 
optical  properties.  Similar  slipped  structures  are  also  known  in 
nature:  for  example,  the  arrangement  of  J  -aggregated  chlorophyll 
chromophores  is  crucial  to  the  light-harvesting  efficiency  of 


(4)  (a)  Taylor,  M .  S.;  Swager,  T.  M .  Angew.  Chem.,  Int.  Ed.  2007,  46, 
8480-8483.  (b)  Bunz,  U.  H.  F.  Chem.  Rev.  2000,  100,  1605-1644. 
(c)  Becker,  K.;  Lagoudakis,  P.  G .;  Gaefke,  G.;  Hoger,  S.;  L upton, 
J.  M  .  Angew.  Chem.,  Int.  Ed.  2007,  46,  1.  (d)  Marsden,  J.  A.;  Haley, 
M.  M.j.  Org.  Chem.  2005,  10,  10213-10226. 

(5)  (a)  Grimsdale,  A.  C.;  Wu,  J .;  M  ullen,  K.  Chem.  Commun.  2005,  2197- 
2204.  (b)  Tyutyulkov,  N M  ullen,  K.;  Baumgarten,  M  .;  Ivanova,  A.; 
Tadjer,  A.  Synth.  Met.  2003, 139,  99-107.  (c)  Simpson,  C.  D.;  Brand, 
J.  D Berresheim,  A.  J.;  Przybilla,  L.;  Rader,  H.  J.;  Mullen,  K. 
Chem.-Eur.J.  2002,  8, 1424-1429.  (d)  Ito,  S.;  Wehmeier,  M  .;  Brand, 
J .  D.;  Kubel,  C .;  Epsch,  R Rabe,  J .  P .;  M  ullen,  K.  Chem.— Eur.  J . 
2000,  6,  4327-4342. 

(6)  (a)  Zhang,  X.;  Larock,  R.  C.J.  Am.  Chem.  Soc.  2005,  121,  12230- 
12231.  (b)  Yao,  T.;  Campo,  M  .  A.;  Larock,  R.  C.J.  Org.  Chem.  2005, 
10,  3511-3517. 
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Pure  Appl.  Chem.  2006,  18,  2341-2349. 
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Scheme  1.  Synthesis  of  Macrocycles  6a  and  6b 


a:  R  -  C6H13 
b:  R  =  C12H25 

R^^b(oh)2 


Pd(PPh3)4,  k2co3 
PhMe,  H20,  100°C 
14  h 

a:  56% 
b:  78% 


i)  f-BuLi,  THF,  -78°C,  1h 


ii)  Fe(CO)5,  -78  °C  to  r.t. 

iii)  AcOH,  H20,  RT,  1h 

a:  25% 
b:  20% 


Hg(CF3C02)2,  l2 
2,6-lutidine,  CH2CI2, 
0  °C,  1  h 


a:  55% 
b:  54% 


a:  64% 
b:  86% 


photosynthetic  systems.8  Using  natural  photosystems  as  a  guide 
and  inspiration,  researchers  have  found  ways  to  emulate  this 
J -aggregate  design  in  various  porphyrins  and  perylene  bisim- 
ides.9  M  ore  recently,  the  laboratories  of  Frank  Wurthner  have 
also  successfully  implemented  the  rational  synthesis  of  several 
J  -aggregated  systems  using  supramolecular  design  principles.10 
Ever  since  their  serendipitous  discovery  in  1936,  J -aggregates 
have  been  of  great  theoretical  interest  because  they  display 
coherent,  cooperative  phenomena  like  superradiance  and  giant 
oscillator  strength,  a  consequence  of  their  electronic  excitation 
being  delocalized  over  several  molecules.11  Besides  being 
theoretical  curiosities,  J -aggregates  also  have  a  myriad  of 
practical  applications,  such  as  their  use  as  organic  photocon¬ 
ductors,12  photopolymerization  initiators,13  and  nonlinear  optical 
devices,14  as  well  as  the  emerging  applications  such  as  the 


(8)  (a)  Holzwarth,  A.  R Schaffner,  K.  Photosynth.  Res.  1994,  41,  225- 
233.  (b)  M  cDermott,  G.;  Prince,  S.  M  Freer,  A.  A.;  Hawthornthwaite- 
Lawless,  A.  M Papiz,  M .  Z.;  Cogdell,  R.  J Isaacs,  N.  W.  Nature 
(London)  1995,  374,  517-521.  (c)  Pullerits,  T.;  Sundstrom,  V.  Acc. 
Chem.  Res.  1996,  29,  381-389.  (d)  Balaban,  T.  S.;  Tamiaki,  H.; 
Holzwarth,  A.  R.  Top.  Curr.  Chem.  2005,  258,  1-38. 

(9)  (a)  Takahashi,  R.;  Kobuke,  Y.j.  Am.  Chem.  Soc.  2003,  125,  2372- 
2373.  (b)  Y amaguchi,  T.;  Kimura,  T.;  M  atsuda,  H .;  Aida,  T.  Angew. 
Chem.,  Int.  Ed.  2004,  43,  6350-6355.  (c)  Elemans,  J .  A .  A .  W.;  van 
Hameren,  R Nolte,  R.  J .  M .;  Rowan,  A.  E.  Adv.  Mater.  2006,  18, 
1251-1266.  (d)  Wang,  H.;  Kaiser,  T.  E.;  Uemura,  S.;  Wurthner,  F. 
Chem.  Commun.  2008,  1181-1183. 

(10)  (a)  Kaiser,  T.  E.;  Wang,  H.;  Stepanenko,  V.;  Wurthner,  F.  Angew. 
Chem.,  Int.  Ed.  2007,  46,  5541-5544.  (b)  Y  agai,  S.;  Seki,  T.;  Karatsu, 
T.;  Kitamura,  A.;  Wurthner,  F .Angew.  Chem.,  Int.  Ed.  2008, 47,  3367- 
3371.  (c)  Li,  X.-Q.;  Zhang,  X.;  Ghosh,  S.;  Wurthner,  F.  Chem.—Eur. 
J.  2008, 14,  8074-8078.  (d)  Wurthner,  F.;  Bauer,  C.;  Stepenenko,  V.; 
Yagai,  S.  Adv.  Mater.  2008,  20,  1695-1698. 
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(b)  Mobius,  D.  Adv.  Mater.  1995,  7,  437-444. 

(12)  Borsenberger,  P.  M  .;  Chowdry,  A.;  Hoesterey,  D.  C.;  M  ey,\N .J .  Appl. 
Rhys.  1978,  44,  5555-5564. 


recently  demonstrated  critically  coupled  resonators15  and  strongly 
QED  coupled  microcavity  LEDs.16 

H  erein,  we  report  the  synthesis  and  characterization  of  a  series 
of  J -aggregating  macrocycles  based  on  functionalized  diben- 
z[aj]anthracene  fragments  linked  at  the  6-  and  8-  positions  by 
a  pair  of  1,3-butadiyne  bridges,  in  which  the  ring  interior  can 
be  viewed  as  an  octadehydro[18]annulene  system.  The  results 
of  their  photophysical  studies  are  also  detailed. 

Results  and  Discussion 

Synthesis.  M  acrocycles  6a  and  6b  were  prepared  in  six  steps 
from  the  previously  reported  dibromide  l14  (Scheme  1). 
Subjecting  the  dibromide  to  a  double  Suzuki  coupling  with 
4-al kyl phenyl boronic  acids  afforded  terphenyl  derivatives  2, 
which  were  then  converted  to  the  required  6,8-di iododi benz[a- 
jjanthracenes  via  a  double  iodonium-induced  electrophilic 
cyclization. 17,18  Numerous  attempts  to  convert  the  diiodide  to 
the  bis-acetylene  5  via  Sonogashira  and  Castro-Stephens 
reactions  proved  unsuccessful,  instead  resulting  in  complex, 
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6338. 
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Opt.  Soc.  Am.  B.  1991,  8,  981-985.  (c)  Kobayashi,  S.  Mol.  Crys.  Liq. 
Crys.  1992,  217,  77-81. 
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Scheme  2.  Synthesis  of  Macrocycle  12 
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undefined  mixtures.  However,  an  indirect  method  involving  a 
lithiation/carbonylation  sequence  to  give  4,  followed  by 
Corey-Fuchs  homologation,19  successfully  afforded  dialkyne 
5.  Owing  to  the  sterically  encumbered  environment  of  the 
reaction  centers,  dialdehyde  4  was  always  accompanied  by  the 
formation  of  monoaldehyde  byproduct  13.  Separation  of  the  two 
could  however,  be  easily  achieved  by  column  chromatography. 
Finally,  an  oxidative  coupling  utilizing  conditions  previously 
developed20  in  our  group  was  performed,  furnishing  macrocycles 
6a  and  6b  in  reasonable  yields. 

The  synthesis  of  macrocycle  12  (Scheme  2)  involved  a  similar 
sequence  of  transformations  employed  in  the  preparation  of  6a 
and  6b,  with  the  exception  that  the  bis-alkoxyterphenyl  7  could 
only  be  converted  to  the  desired  diiodide  9  in  two  steps,  via  a 
skeletal  rearrangement  of  the  structurally  intriguing  8,  using 
modifications  of  known  reactions.6,21  A  second  alkoxy-based 
macrocycle  bearing  branched  farnesol-derived  side  chains  was 
also  synthesized  in  a  manner  analogous  to  12,  with  its  existence 
confirmed  by  M  ALDI-TOF.  Unfortunately,  thisfourth  and  final 
macrocycle  could  not  be  satisfactorily  separated  from  a  trimeric 
byproduct  even  after  repeated  column  chromatography  and 
attempted  fractional  recrystallizations.  In  addition  to  the  three 
macrocycles,  compound  15  (the  acyclic  analogue  of  6a)  was 
also  prepared  to  study  the  effect  of  the  number  of  bridges  on 


oc12h25 


R  -  C12H25 


the  photophysical  properties.  This  was  made  in  three  steps 
(Scheme  3)  starting  from  monoaldehyde  13,  which  is  a 
byproduct  isolated  during  the  purification  of  dialdehyde  4a. 

The  above-mentioned  target  compounds  were  characterized 
by  XH  NMR,  13C  NMR,  high-resolution  mass  spectrometry 
(M  ALDI-TOF),  UV-vis,  and  fluorescence  spectroscopy.  In  the 
:H  NMR  spectra  of  the  macrocycles,  the  two  protons  located 
within  the  ring  were  found  to  be  shifted  downfield  (6  &  9.5 
ppm)  as  a  result  of  van  der  Waals  deshielding  brought  about 
by  steric  interactions.  The  lack  of  any  upfield  shift  of  those 
internal  protons  implies  the  absence  of  a  ring  current22  in  these 
systems  (i.e.,  no  diatropic  effect  observed).  Brief  polarized 
optical  microscopy  experiments  were  also  performed  on  the 
macrocycles  in  hope  of  finding  liquid  crystalline  behavior  as 
well,  but  the  compounds  had  extremely  high  melting  points 
(between  200  and  330  °C)  and  were  also  observed  to  decompose 
and  discolor  at  those  elevated  temperatures. 

Photophysical  Studies.  A  SPEX  fluorolog,  with  dual  mono¬ 
chromators,  was  used  to  collect  photoluminescence  (PL)  and 
photoluminescence  excitation  (PLE)  spectra.  The  instrument  is 
wavelength  and  intensity  calibrated,  and  it  compensates  for 
variations  in  excitation  intensity  by  monitoring  the  incident 
optical  power  level.  In  PL  measurements,  the  6a  films  were 
optically  excited  at  a  wavelength  A  =  375  nm.  For  PLE  spectra, 
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Chem.  2007,  72,  9203-9207. 
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Scheme  3.  Synthesis  of  Acyclic  15 


emission  at  k  =  508  nm  was  collected.  Figure  1  shows  the 
UV-vis  absorption  and  fluorescence  spectra  of  the  four 
compounds  in  chloroform.  Macrocycles  6a  and  6b  displayed 
essentially  identical  spectral  profiles,  with  absorption  and 
emission  maxima  occurring  at  around  440  and  455  nm, 
respectively.  Changing  the  peripheral  alkyl  groups  to  alkoxy 
chains  (e.g.,  12)  resulted  in  a  slight  bathochromic  shift,  with 
the  spectral  shape  remaining  similar  otherwise.  The  spectra  of 
the  acyclic  15  differed  somewhat  from  the  macrocycles,  which 
was  expected  due  to  the  major  structural  difference.  Its 
absorption  spectrum  was  blue-shifted  relative  to  the  others, 
possibly  due  to  reduced  conjugation  resulting  from  the  absence 
of  the  second  diyne  linker.  A  much  larger  Stokes  shift  was  also 
observed,  which  could  indicate  reduced  rigidity,  once  again  as 
a  result  of  having  only  a  single  linker.  Fluorescence  quantum 
yields  of  the  compounds  were  measured  against  quinine  sulfate 
in  0.1  N  H2S04  (Table  1).  The  three  macrocycles  in  chloroform 
solution  showed  fairly  high  quantum  yields  between  0.40  and 
0.50,  whereas  the  singly  bridged  15  had  a  lower  value  of  0.35. 

T 0  test  for  the  presence  of  J  -aggregates,  we  investigated  the 
thin  film  photophysics  of  the  macrocycles.  As  6a  was  synthe¬ 
sized  in  the  largest  quantity,  films  of  this  compound  were  studied 
in  greatest  detail.  The  initial  films  were  produced  by  spin-coating 
a  fairly  concentrated  (5  mg/mL)  toluene  solution  of  6a  on  to 


Table  1.  Photophysical  Properties  of  6a,  6b,  12,  and  15 


compound 

absorption 
max  (nm) 

emission 
max  (nm) 

quantum 
yield,  <J>F 

extinction  coefficient 
(M 1  CITT1) 

6a 

443 

456 

0.45 

90141  (at  443  nm) 

6b 

443 

456 

0.43 

63569  (at  443  nm) 

12 

448 

461 

0.47 

79113  (at  448  nm) 

15 

395 

440 

0.35 

38206  (at  395  nm) 

glass  or  quartz  coverslips  (18  x  18  mm2).  Fortuitously,  the  first 
few  films  showed  promising  UV-vis  absorption  features 
consistent  with  J -aggregates  (Figure  2). 

Compared  with  the  solution  spectrum,  the  6a  film  spectrum 
shows  an  aggregate  absorption  peak  at  467  nm  (red-shifted  by 
(23  zb  1)  nm  from  the  solution).  Even  more  notable  is  the  high 
intensity  and  narrow  line  width  of  this  peak  (J-band),  which 
dominates  all  other  spectral  features.  This  is  in  stark  contrast 
to  the  solution  spectrum,  in  which  the  peak  at  443  nm  shows 
much  lower  intensity  than  those  between  300  and  360  nm 
(absorptions  due  to  pendant  p-alkoxy  phenyl  moieties).  Normal¬ 
izing  the  solution  and  film  absorbances  at  340  nm,  the 
enhancement  in  the  peak  intensity  (at  467  nm)  relative  to  the 
other  spectral  features  becomes  evident  (Figure  2).  The  batho¬ 
chromic  shift  and  the  strong  intensity  of  the  aggregate  peak, 


Figure  1.  Normalized  absorbance  (solid  lines)  and  emission  (dotted  lines)  Figure  2.  Absorption  spectra  of  6a,  solution  (blue  line)  vs  film  (red  line), 
spectra  of  6a,  6b,  12,  and  15  in  chloroform.  normalized  to  the  absorbance  at  340  nm. 
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Figure  3.  Normalized  absorption  (blue  line)  and  fluorescence  (pink  line) 
spectra  of  6a  (film). 

are  photophysical  characteristics  of  J -aggregates.23  From  the 
emission  spectra  of  the  6a  films  we  find  the  Stokes  shift  to  be 
only  4  nm  (Figure  3),  versus  13  nm  in  solution  phase.  Such 
minimal  Stokes  shift  is  also  consistent  with  the  existence  of 
J -aggregates.24  It  is  notable  that  the  fluorescence  band  is  a  mirror 
image  of  the  low-energy  edge  of  the  J -band  absorption. 

We  also  find  that  it  is  possible  to  spin-coat  films  of  6a  that 
did  not  display  a  J -band.  These  less  strongly  absorbing  films 
could  be  produced  when  the  spin  rate  (of  the  spin-coating 
process)  was  high  (e.g.,  4000  rpm),  a  lower  concentration  (<2 
mg/mL)  of  6a  in  solvent  was  used,  or  when  a  more  volatile 
solvent  (e.g.,  TH  F)  was  employed.  The  use  of  these  parameters 
provided  for  less-than-favorable  conditions  for  aggregate  forma¬ 
tion.  However,  when  these  'nonaggregated'  (i.e.,  monomeric) 
films  were  then  subjected  to  conditions  conducive  to  aggregate 
formation,  the  typical  J -aggregate  spectral  features  were  found 
to  emerge  with  time.  This  was  achieved  by  vapor-annealing  the 
films  in  a  solvent  chamber  saturated  with  toluene  vapor  for  45 
min,  and  then  retrieving  them  for  spectral  (UV-vis)  reacqui¬ 
sition.  It  can  be  seen  (Figure  4)  that  the  vapor-annealing,  which 
should  result  in  more  ordered  thin  films,25  precipitates  the 
appearance  of  the  highly  intense  J-band,  confirming  that 
molecular  organization  was  indeed  important  in  producing  the 
desired  J -aggregate  photophysics.  When  the  volatile  THF  is  used 
as  the  spin-casting  solvent  (particularly  with  low  6a  concentra¬ 
tion)  the  resulting  films  lacked  J -aggregate  features.  However, 
J -aggregate  features  can  be  recovered  when  these  films  are 
placed  in  a  solvent  chamber  containing  THF  vapor  (Figure  4). 

Similar  photophysical  experiments  were  also  performed  on 
films  of  the  two  longer-chained  macrocyclic  analogues  6b  and 
12.  In  both  cases,  the  films  are  cast  from  THF  solutions  of  the 
macrocycles  and  subsequently  annealed  under  THF  vapor  for 
45  min.  UV-vis  data  are  acquired  before  and  after  the  annealing 
process,  and  the  spectra  of  6b  and  12  are  shown  in  Figure  5. 
The  spectra  of  the  preannealed  films  did  not  show  J  -bands,  but 
these  appeared  in  both  cases  upon  annealing.  Therefore,  the 
results  obtained  with  6b  and  12  were  analogous  to  those  of  6a, 
suggesting  that  the  doubling  of  chain  length  of  the  peripheral 


(23)  (a)  J  el  ley,  E.  E.  Nature  (London)  1936,  138,  1009.  (b)  Scheibe,  G. 
Angew.  Chem.  1936,  49,  563. 

(24)  Scheibe,  G .Optische Anregung  organischer  Systeme,  2.  Internationales 
Farbensymposium,  Ed.  Foerst,  W.,  Verlag  Chemie,  Weinheim:  1966, 
p.  109. 

(25)  Mascaro,  D.  J.;  Thompson,  M .  E Smith,  H.  I.;  Bulovic,  V.  Org. 
Electron.  2005,  6,  211-220. 


Figured  Absorption  spectra  of  6a  (film)  before  and  after  annealing  under 
toluene  (PhM  e)  and  THF  vapor,  normalized  to  the  absorbance  at  340  nm. 


Figure  5.  Absorption  spectra  of  6b  (film)  and  12  (film)  before  and  after 
annealing  under  THF  vapor,  normalized  to  the  absorbance  at  340  nm. 


alkyl/alkoxy  groups  had  little  effect  on  the  photophysics,  be  it 
in  solution  or  in  the  film-state.  Si  mi  larj -aggregate  photophysics 
could  not  be  observed  with  the  noncyclic  15,  implying  that  the 
aggregate  formation  may  require  approximate  molecular  planar¬ 
ity  (steric  hindrance  in  the  noncyclic  15  produces  a  larger 
deviation  from  planarity,  since  the  two  di benzanthracene 
subunits  are  less  constrained).  It  is  likely  that  J -aggregation  of 
these  polycyclic  aromatics  in  the  solid-state  relies  on  jt  jt 
stacking  interactions  that  could  be  disrupted  if  the  nonplanarity 
became  too  pronounced. 

Additional  experiments  examining  the  photophysics  of  6a  as 
a  function  of  concentration  were  also  undertaken.  A  series  of 
films  were  spin-coated  using  6a  solutions  (polyisobutylene 
matrix/chlorobenzene  as  solvent)  of  varying  concentrations,  and 
their  photoluminescence  spectra,  excitation  spectra,  and  fluo¬ 
rescence  lifetimes  were  measured.  Chlorobenzene  was  chosen 
as  it  provided  for  optimal  comiscibility  of  6a,  polyisobutylene, 
and  solvent.  When  a  film  containing  a  very  low  concentration 
of  6a  (i.e.,  0.0005  mg  in  a  1  mL  solution  of  40  mg/mL 
polyisobutylene  (PI  B)  in  chlorobenzene)  was  used,  its  emission 
peak  was  at  455  nm  (Figure  6),  identical  to  that  observed  in 
solution  spectra.  As  the  amount  of  6a  used  in  the  spin-coating 
process  was  increased  to  0.002  mg/mL  of  PIB/chlorobenzene, 
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Figure  6.  Photoluminescence  intensity  vs  concentration  of  6a  in  thin  films 
(PL  scaled  by  subtracting  the  background  and  scaling  by  integrated  intensity 
at  all  wavelengths). 
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Figure  7.  Excitation  vs  concentration  of  6a  in  thin  films  (PLE  scaled  by 
subtracting  background  and  scaling  by  integrated  intensity  at  all  wave¬ 
lengths). 

aggregate  peaks  began  to  emerge  at  470  nm  with  a  shoulder  at 
500  nm,  while  the  455  nm  "monomer"  peak  diminished.  A 
further  increase  in  6a  concentration  to  0.005  mg/mL  resulted 
in  further  reduction  in  the  455  nm  peak,  so  that  at  0.02  mg/mL 
the  monomer  peak  can  no  longer  be  observed,  at  which  point 
the  emission  spectrum  begins  to  resemble  those  obtained  with 
neat  films  discussed  above  (pure  6a,  no  PIB  matrix).  From  the 
excitation  spectra  (Figure  7),  no  J-band  at  470  nm  could  be 
observed  at  the  lowest  concentration  of  0.0005  mg/mL,  but  as 
the  concentration  was  increased  10-fold,  a  peak  at  470  nm 
appeared,  becoming  more  pronounced  with  increasing  6a 
concentrations.  Fluorescence  lifetimes  (at  470  nm)  for  a  series 
of  solutions  and  films  of  different  concentrations  were  also 
measured.  Solution  lifetimes  were  found  to  be  1.7  ±  0.1  ns 
regardless  of  concentration.  In  the  film  state,  it  can  be  observed 
from  Table  2  that  the  lifetimes  generally  decrease  as  the 
concentration  of  6a  was  increased  from  0.0005  to  2.000  mg/ 
mL  (only  a  small  incidence  of  scatter  is  observed  in  the  trends). 
In  particular,  with  a  concentration  of  0.0005  mg/mL,  a  lifetime 
of  rm  =  1.3  ns  was  obtained,  comparable  to  what  was  observed 
in  chlorobenzene  solutions,  while  at  higher  concentrations, 
lifetimes  of  about  tj  =  0.24  ns  are  observed.  Higher  doping 
concentration  also  leads  to  a  measurable  increase  in  thin  film 
photoluminescence  (PL)  quantum  yield  (QY )  from  =  43% 


Table  2.  Fluorescence  Lifetimes  of  6a  (Solutions  and  Films)  at 
Different  Concentrations 


concentration 

(mg/mL) 

lifetimes  (bimodal)  (ns) 

state 

0.002 

1.7(100%) 

- 

solution  (PhCI) 

0.02 

1.7  (100%) 

solution  (PhCI) 

0.2 

1.8  (100%) 

solution  (PhCI) 

0.0005 

1.3  (99.9%) 

4.8  (0.1%) 

film 

0.002 

0.2  (96.7%) 

1.3  (3.3%) 

film 

0.005 

0.3  (96.6%) 

1.2  (3.4%) 

film 

0.01 

0.3  (97.4%) 

1.0  (2.6%) 

film 

0.02 

0.2  (98.1%) 

1.1  (1.9%) 

film 

0.05 

0.6  (84.5%) 

1.5(15.5%) 

film 

0.10 

0.4(82.7%) 

1.4(17.3%) 

film 

0.20 

0.4(94.9%) 

1.4(51%) 

film 

2.00 

0.2  (97.4%) 

0.7  (2.6%) 

film 

zb  6%  for  the  monomeric  film  to  Oj  =  92%  ±  8%  for  the 
aggregate  films.  To  determine  PL  QY,  we  compared  the  PL 
counts  from  the  6a  film  to  a  thin  film  standard  of  known  QY , 
accounting  for  relative  differences  in  absorption  strength  of  the 
films.  The  standard  was  a  thin  film  of  thickness  75  nm  of  the 
small  molecule  tris-(8-hydroxyquinolinato)aluminum  (A lq3).  The 
A lq3  film  was  prepared  by  thermally  evaporating  recrystallized 
A lq3  in  ultra  high  vacuum  (growth  pressure  below  10“6  Torr) 
onto  a  quartz  substrate  that  was  carefully  solvent  cleaned  and 
oxygen  plasma  treated  to  remove  trace  impurities.  The  published 
QY  for  A lq3  in  thin  film  is  32%  =L  2%. 26  We  erred  on  the  side 
of  caution  and  used  a  value  of  QY  =  30%  for  our  calculations. 
T o  make  a  fair  comparison  of  QY ,  for  each  film  in  consideration, 
the  percentage  of  absorbed  optical  excitation  was  determined 
from  optical  transmission  measurements.  Measured  PL  counts 
were  then  normalized  to  the  percent  absorption  values,  on  a 
film  by  film  basis.  For  6a  in  monomeric  form,  we  calculated 
thePLQY  to  be  43%  ±  6%,  which  is  similar  to  the  QY  for  6a 
in  solution,  and  for  6a  at  high  doping  concentrations,  we 
determined  the  QY  to  be  92%  ±  8%. 

The  emergence  of  a  red-shifted  narrower  line  width  optical 
transition  at  higher  6a  concentrations,  the  corresponding  reduc¬ 
tion  in  lifetime,  and  increase  in  quantum  yield  of  aggregates  as 
compared  to  monomers  are  indicative  of  J -aggregate  forma¬ 
tion.27  In  J -aggregates,  strong  coupling  between  the  monomer 
transition  dipoles  produces  a  new  cooperative  molecular  state. 
The  coupling  results  in  a  new  optical  transition  called  thej  -band, 
when  the  interaction  strength  exceeds  the  monomeric  dephasing 
processes.28  The  interaction  between  monomeric  transition 
dipoles  lowers  the  overall  energy  of  the  cooperative  state;  hence, 
the  J  -band  absorption/fluorescence  is  red-shifted  relative  to  that 
of  the  monomer.  In  the  J -aggregate  state,  multiple  molecules 
coherently  couple,  the  number  being  denoted  by  NCl  and  the 
J -aggregate  exciton  delocalizes  over  all  of  them.29  Coherent 
coupling  among  the  Nc  molecules  leads  to  the  acceleration  of 
the  radiative  rate  of  the  J-band  states  by  a  factor  of  Nc  relative 
to  the  monomer,30  which  translates  into  shorter  excited-state 
lifetime  and  higher  PL  QY .  The  radiative  rate  enhancement  is 
typically  referred  to  as  a  superradiance  phenomenon  since  it  is 


(26)  Garbuzov,  D.  Z.;  Bulovic,  V.;  Burrows,  P.  E.;  Forrest,  S.  R.  Chem. 
Phys.  Lett  1996,  249,  433-437. 

(27)  (a)  Kuhn,  H.J.  Chem.  Phys.  1970,  53,  101-108.  (b)  Kirstein,  S.; 
M ohwald,  H.Adv.  Mater.  1995,  7,  460-463.  (c)  Peyratout,  C.;  Daehne, 
L.  Phys.  Chem.  Chem.  Phys.  2002,  4,  3032-3039. 

(28)  Spano,  F.  C.;  Mukamel,  5.J.  Chem.  Phys.  1989,  91,  683-700. 

(29)  Potma,  E.  0.;  Wiersma,  D.  A.J.  Chem.  Phys.  1998, 108,  4894-4903. 

(30)  Vanburgel,  M .;  Wiersma,  D.  A.;  Duppen,  K.  j.  Chem.  Phys.  1995, 
102,  20-33. 
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Figure  8.  PM  3-calculated  models  (a)  top-down  view  of  geometry-optimized  macrocyclic  structure,  (b)  molecular  electrostatic  potential  map,  (c)  optimized 
structure  tilted  to  emphasize  steric  crowding,  (d)  edge-on  view  of  optimized  structure,  (e)  frontier  HOMO,  (f)  frontier  LUMO,  (g)  edge-on  view  of  the 
acyclic  model  structure,  (h)  and  top-down  view  of  the  acyclic  structure. 

caused  by  coherent  exciton  coupling,31  though  in  J -aggregates  lifetimes  (tj  vs  rj  and  quantum  yields  (Oj  vs  OJ,  Nc  can  be 

the  mechanism  for  the  coupling  is  near-field  Coulombic  determined  using  the  equation:33 

interactions  while  in  classic  superradiant  systems,  the  origin  is 

interference  effects  in  the  spontaneous  light  emission  process.32  rm  <&j 

Since  the  radiative  rate  of  a  J -aggregate  increases  relative  to  Nc  = 

that  of  the  monomer  by  a  factor  of  Nc,  from  a  comparison  of  J  m 
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The  data  obtained  suggest  that  l\lc  is  on  the  order  of  12  for 
our  6a  J -aggregate  films.  Coherent  coupling  also  leads  to  a 
narrower  total  line  width  for  the  J -aggregate  optical  transition 
relative  to  the  monomer  because  the  delocalized  exciton 
averages  out  site-to-site  variations  and  suppresses  the  inhomo¬ 
geneous  broadening.34  The  linewidths  of  the  monomer  optical 
transition  and  the  J -band  are  dominated  by  inhomogeneous 
broadening.  Nevertheless,  the  width  of  the  J -band  relative  to 
the  monomer  spectrum  does  characterize  the  coherence  of  the 
system.  The  line  width  of  the  J-band  is  narrower  than  the 
monomer  optical  transition  because  in  the  J -aggregate  state,  the 
exciton  is  delocalized  over  the  l\lc  molecules  that  are  coherently 
coupled,  which  tends  to  average  out  site-to-site  inhomogeneities 
in  the  exciton  energy.  This  motional  narrowing  is  manifest  in 
the  smaller  line  width  for  J -aggregate  absorption  and  emission 
spectra.  This  coherent  coupling  also  results  in  the  accelerated 
radiative  process  in  the  J -aggregate  state,  which  translates  into 
the  higher  observed  QY  and  shorter  exciton  lifetime  for  the 
J -aggregate  compared  to  the  monomer. 

Molecular  Modeling.  In  order  to  better  visualize  the  equilib¬ 
rium  geometry  of  the  macrocycles  6a,  6b,  and  12,  molecular 
calculations35  were  performed  at  the  semiempirical  PM  3  level, 
using  a  model  compound  (Figure  8)  with  deliberately  shortened 
alkyl  side  chains  to  enable  more  rapid  completion  of  the 
calculation.  As  can  be  seen  in  Figure  8,  the  macrocycle  is 
composed  of  two  1,3-butadiyne-l i nked  planar  dibenz[a,j]an- 


(31)  (a)  Spano,  F.  C.;  Kuklinski,  J .  R.;  M  ukamel,  S.  Phys.  Rev.  Lett  1990, 
65,  211-214.  (b)  De  Boer,  S.;  Wiersma,  D.  A.  Chem.  Phys.  Lett.  1990, 
165,  45-53.  (c)  Spano,  F.  C.;  Kuklinski,  J.  R.;  M  ukamel,  S.J .  Chem. 
Phys.  1991,  94,  7534-7544.  (d)  M  einardi,  F.;  Cerminara,  M  .;  Sassella, 
A.;  Bonifacio,  R Tubino,  R.  Phys.  Rev.  Lett.  2003,  91,  247401. 

(32)  Dicke,  R.  H.  Phys.  Rev.  1954,  93,  99-110. 

(33)  Rousseau,  E.;  Van  der  Auweraer,  M  .;  De  Schryver,  F.  C.  Langmuir 
2000,  16,  8865-8870. 

(34)  Knapp,  E.  W.;  Scherer,  P.  0.  J .;  Fischer,  S.  F.  Chem.  Phys.  Lett.  1984, 
111,  481-486. 

(35)  Spartan  '04  VI. 0.0;  Wavefunction,  Inc.:  Irvine,  CA;  2004. 


thracene  subunits  that  are  slightly  staggered  relative  to  each  other 
as  a  result  of  steric  crowding  in  the  middle  of  the  molecule. 
Despite  this  structural  distortion,  the  core  of  the  macrocycle 
retains  some  overall  planarity,  which  would  still  allow  for 
intermolecular  jz-jt  stacking  interactions.  By  comparison,  the 
acyclic  analog  shows  greater  nonplanarity  (Figure  8g),  since 
the  two  nonrestrained  aromatic  subunits  have  more  freedom  to 
minimize  steric  repulsions.  Asa  result,  jt-jt  stacking  interac¬ 
tions  in  acyclic  15  may  be  weakened. 

Conclusion 

In  summary,  three  dibenz[a,j]anthracene-based  macrocycles 
have  been  synthesized  and  spectroscopically  characterized.  The 
conjugated  macrocycles  display  pronounced  photophysical 
properties  in  the  solid  state,  such  as  the  intense  red-shifted 
absorbances,  narrow  linewidths,  and  small  Stokes  shifts,  indicat¬ 
ing  J -aggregate  formation.  These  new  compounds  may  have 
the  potential  to  be  utilized  in  various  optoelectronic  devices  (e.g., 
lasers,  photovoltaics,  and  polaritonic  devices169,36). 
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Abstract:  The  syntheses  of  two  azaperylene  9,10-dicarboximides 
are  presented.  1-Aza-  and  1,6-diazaperylene  9,10-dicarboximides 
containing  a  2,6-diisopropylphenyl  substituent  at  the  W-imide  posi¬ 
tion  were  synthesized  in  two  steps  starting  from  naphthalene  and 
isoquinoline  derivatives. 

Key  words:  perylenes,  isoquinolines,  cross-coupling,  cyclization, 
oxidation 


Boasting  brilliant  colors,  large  extinction  coefficients, 
near-unity  fluorescence  quantum  yields,  and  remarkable 
photostability,  perylene-based  chromophores  have  found 
unique  prominence  as  dyes  and  pigments.1  Particularly, 
perylene-3,4,9,10-tetracarboxdiimides  (PDI,  1,  Figure  1) 
are  suitablefor  demanding  applications,  such  as  photovol¬ 
taic  devices,2  dye  lasers,3  light-emitting  diodes,4  and 
molecular  switches.5  The  related  perylene-3,4-dicarbox- 
imides  (PI,  2)  can  be  monofunctionalized  more  readily 
than  l,6  which  is  interesting  for  certain  applications,  such 
as  fluorescence  labeling  and  controlled  conjugation  to 
otherfluorophores. 


Figure  1  Structures  of  PDI,  PI,  and  azaperylene  i mi des 


Although  most  of  the  aforementioned  applications  capi¬ 
talize  on  the  high  fluorescence  efficiencies  of  land  2,  ac¬ 
cess  to  the  PDI  or  PI  triplet  state  represents  a  desirable 
goal  for  some  niche  applications,  such  as  solar  energy 
conversion,7  and  as  a  method  to  generate  deep  red  and/or 
near  I R  phosphorescence.  Previous  attempts  to  directly  at¬ 
tach  late  transition  metals  to  the  pery I ene  skeleton  resulted 
in  minimal  electronic  interaction  between  the  metal  center 
and  PDI  7t-system.8  M  oreover,  it  was  found  that  introduc- 
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ing  conjugated  spacers  between  the  metal  center  and  PDI 
^-system  only  yielded  nonemissive  complexes.7  Inspired 
by  the  superior  photophysical  properties  and  high  phos¬ 
phorescence  quantum  yields  of  cyclometal ated  plati- 
num(ll),  and  ruthenium(ll)-iridium(lll)  complexes,9  we 
sought  to  synthesize  PDI  or  PI  analogues  that  contained  a 
2-phenylpyridine  moiety  that  would  eventually  allow  ac¬ 
cess  to  cyclometal  ated  perylene  complexes. 

Along  these  lines,  1-azaperylene  was  previously  synthe¬ 
sized  and  reported  to  undergo  directed  C-H  activation  to 
yield  bay-functionalized  12-hydroxy-l-azaperylene, 
which  displayed  excited  state  intramolecular  proton  trans¬ 
fer  (ESIPT).10  However,  due  to  the  lack  of  notable  func¬ 
tional  groups  in  the  perylene  skeleton,  a  harsh  anion- 
radical  cyclization  of  either  1-  or  8-(a-naphthyl)isoquino- 
line  was  necessary  to  generate  the  1-azaperylene  chro- 
mophore.  M  oreover,  we  anticipated  that  the  rigidity  of  1- 
azaperylene,  combined  with  its  lack  of  solubilizing 
groups,  would  lead  to  complexes  of  poor  solubility.  In¬ 
stead,  we  envisioned  that  (a)  introduction  of  an  electron- 
withdrawing  imide  moiety  to  the  azaperylene  skeleton 
would  allow  the  use  of  a  comparatively  mild,  base-pro¬ 
moted  cyclization  procedure1112  to  synthesize  the  desired 
azaperylene  imides  and  that(b)  introduction  of  bulky  sub¬ 
stituents  at  the  A/-imide  position  would  greatly  improve 
the  solubility  of  the  chromophore.  Additionally,  the  re¬ 
sulting  azaperylene  imide  chromophore  would  have  ba- 
thochromically  shifted  absorption  and  emission  spectra 
relative  to  the  cyan-emitting  1-azaperylene. 

Initially,  a  one-step  synthesis  of  l-azaperylene-9,10-di- 
carboximide  (3)  by  base-promoted  heterocoupling  of 
naphthalene-1, 8-dicarboximide  and  1-chloroisoquinoline 
was  attempted,  based  on  the  previously  reported  one-pot 
synthesis  of  terrylene  diimides.12  However,  only  homo¬ 
coupling  between  naphthalene-1, 8-dicarboximide  reac¬ 
tants  was  observed  and  A/,A//-bis(2,6-diisopropylphenyl) 
PDI  was  isolated  in  80%  yield.  Therefore,  a  multistep  ap¬ 
proach  to  3  and  4  was  pursued.  Precursors  7,  8,  and  10 
were  synthesized  by  a  one-pot  Suzuki- M  iyaura  cross¬ 
coupling  between  a  4-bromonaphthalene-l,8-dicar- 
boximide13  and  either  an  isoquinoline  derivative14  or  a 
2,7-naphthyridine  derivative.15  The  boronic  ester  deriva¬ 
tive  of  bromide  5  was  generated  in  situ  by  standard  palla¬ 
dium-catalyzed  reaction  with  bis(pi nacolato)di boron. 
Subsequent  addition  of  the  corresponding  isoquinoline  or 
2,7-naphthyridine  coupling  partner  furnished  precursors 
7,  8,  and  10  in  good  to  high  yield  (Scheme  1).  The  use  of 
S-Phos  was  necessary  in  the  cross-coupling  reactions  in¬ 
volving  1-chloroisoquinoline  and  l-chloro-2,7-naphthyri- 
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chromophores,  which  upon  workup  and  oxidation  formed 
the  desired  products  (Scheme  3).  The  individual  reduced 
forms  of  3  and  4  generally  displayed  a  greater  resistance 
to  oxidation  relative  to  their  all -carbon  perylene  ana¬ 
logues.  For  the  base-promoted  cyclization  reactions  of  7 
and  10,  stirring  under  air  after  a  water  workup  yielded  3 
and  4,  respectively,  after  approximately  one  hour.  In  the 
case  of  precursors,  however,  the  yield  of  3  was  improved 
if  the  workup  procedure  included  hydrogen  peroxide. 
B  ased  on  this  observation,  we  posit  that  leuco  compound 
14  is  slightly  more  stable  compared  to  leuco  compound 
13.  U  nfortunately,  attempts  to  isolate  and  purify  the  vari¬ 
ous  reduced  forms  of  3  and  4  were  unsuccessful,  as  the 


Scheme  1  Synthesis  of  precursors  7,  8,  and  10 

dine  (9),  as  other  phosphine  ligands  afforded  low  product 
yields  and  resulted  in  extensive  protodehalogenation. 

In  order  to  cyclize  7,  8,  and  10,  the  base-promoted  cy¬ 
clization  procedures  described  in  the  syntheses  of  extend¬ 
ed  rylenediimide  chromophores  were  investigated.11'12  In 
these  examples,  it  is  thought  that  nucleophilic  attack  of  an 
arylide  anion  initially  generates  the  leuco  form  of  the 
chromophore  12,  which  subsequently  oxidizes  to  form  the 
rylene  skeleton  (Scheme  2). 16  Compounds  7  and  8,  which 
are  both  precursors  to  azaperylene  imide  3,  differ  only  in 
the  position  at  which  the  naphthalene  imide  and  isoquino¬ 
line  rings  are  linked.  We  anticipated  (a)  that  these  isomer¬ 
ic  structures  would  display  different  amenabilities  to  the 
initial  arylide  attack  and  (b)  that  the  resulting  isomeric 
leuco  forms  of  3  would  display  varying  stabilities  to  oxi¬ 
dation. 

T reatment  of  7,  8,  and  10  with  K2C03/ethanoiamine  and 
subsequent  heating  initially  resulted  in  the  formation  of 
the  reduced  versions  of  the  desired  azaperylene  imide 
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Scheme 3  Base-promoted  cyclization  to  synthesize  3  and  4 
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Figure  2  Absorption  (grey)  and  emission  (black)  spectra  of  (A)  3 
and  (B)  4  in  chloroform;  the  absorption  and  emission  spectra  of  the 
carbon  analogue  2  (R  =  2,6-di  isopropyl  phenyl )  is  also  superimposed 
(dotted  line) 


could  be  oxidized  to  yield  1-aza-  and  1,6-diaza  perylene- 
9,10-dicarboximides.  The  azaperylene  imides  display 
similar  photophysical  characteristics  to  their  carbon  ana¬ 
logues.  Studies  into  the  cyclometalation  of  these  chro- 
mophores  are  currently  under  way. 


azaperylene  imides  were  inevitably  obtained  in  most  tri¬ 
als. 

Azaperylene  imide  3  was  very  soluble  in  CH2CI2,  CHCI3, 
M  eOH,  EtOH,  and  M  eCN  while  4  was  very  soluble  in 
MeOH  and  MeCN  and  only  partially  soluble  in  C H C l2 
and  CHCI3.  The  absorption  and  emission  spectra  of  3  and 
4  are  shown  in  Figure  2.  Both  azaperylene  imides  display 
similar  absorption  and  emission  bands  to  the  carbon  ana¬ 
logue  2  (R  =  2,6-diisopropylphenyl).  The  fluorescence 
quantum  yield  is  93%  for  both  3  and  4,  compared  to  ca. 
98%  for  2.  Additionally,  the  fluorescence  lifetimes  of  all 
three  chromophores  were  also  similar:  4.71  ns  for  2,  4.82 
ns  for  3,  and  4.94  ns  for  4. 

In  conclusion,  azaperylene  imide  and  diazaperylene  imide 
were  synthesized  in  two  steps  starting  from  naphthalene 
imide  and  either  an  isoquinoline  derivative  or  a  2,7-naph- 
thyridine  derivative.  Base-promoted  cyclization  of  bi- 
naphthoid  intermediates  resulted  in  reduced  versions  of 
the  desired  chromophores,  which  had  a  finite  lifetime  and 


Supporting  Information  for  this  article  is  available  online  at 
http://www.thieme-connect.com/ejournals/toc/synlett. 
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ABSTRACT.  Rylene  dyes  functionalized  with  varying  numbers  of  phenyl  trifluorovinyl ether  (TFVE) 
moieties  were  subjected  to  a  thermal  emulsion  polymerization  to  yield  shape- persistent,  water-soluble 
chromophore  nanoparticles.  Perylene  and  terrylene  diimide  derivatives  containing  either  two  or  four 
phenyl  TFVE  functional  groups  were  synthesized  and  subjected  to  thermal  emulsion  polymerization  in 
tetraglyme.  Dynamic  light  scattering  measurements  indicated  that  particles  with  sizes  ranging  from  70  - 
100  nm  were  obtained  in  tetraglyme,  depending  on  monomer  concentration.  The  photophysical 
properties  of  individual  monomers  were  preserved  in  the  nanoemulsions  and  emission  colors  could  be 
tuned  between  yellow,  orange,  red,  and  deep  red.  The  nanoparticles  were  found  to  retain  their  shape 
upon  dissolution  into  water  and  the  resulting  water  suspensions  displayed  moderate  to  high  fluorescence 
quantum  yield. 
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Introduction 

Chromophore  and  conjugated  polymer  (CP)  nanoparticles  and  nanocomposites1  have  recently  found 
prominence  in  various  applications,  including  optoelectronics,2  and  biological  imaging  and  sensing.3  In 
certain  cases,  CP  nanoparticles  displayed  desirable  properties  that  were  either  absent  (water  solubility) 
or  not  as  prominent  (two-photon  absorption  cross  section)  in  CP  thin  films  or  solutions.3,4  Additionally, 
there  is  considerable  interest  in  using  CP  nanoparticles  to  improve  or  control  the  nanoscale  composition 
of  CP  blends  to  improve  the  efficiency  of  polymer  LEDs  and  photovoltaics.2,5  Fluorescence  energy 
transfer  in  small  molecule  chromophore-containing  nanoparticles  has  also  been  investigated  for  live  cell 
imaging.36,6 

CP  nanoparticles  are  predominantly  fabricated  by  microprecipitation  methods,  where  a  small  aliquot 
of  a  dilute  solution  of  the  CP  in  a  good  solvent  (such  as  tetrahydrofuran)  is  added  to  a  poor  solvent  (such 
as  water)  with  sonication.4  In  the  case  of  small  molecule  chromophores,  emulsions  of  monomers 
containing  polymerizable  functional  groups  are  first  formed  (sometimes  in  the  presence  of  surfactants) 
and  then  the  monomers  are  polymerized  within  the  microcapsules  (using  either  radical  initiators  or 
metal  catalysts)  to  yield  shape- persistent  chromophore  or  CP  nanoparticles.7  Rylene  dyes,  particularly 
3,4,9,10-perylene  tetracarboxidiimides  (PD Is),  are  frequently  used  as  the  chromophore  component 
owing  to  their  brilliant  colors,  large  extinction  coefficients,  near-unity  fluorescence  quantum  yields  and 
remarkable  photostability.8  Recent  examples  of  rylene-containing  nanoparticles  almost  always  utilize 
methacrylate-functionalized  chromophores,  which  are  then  polymerized  in  microemulsions  by 
established  controlled  radical  polymerization  processes.36'1 

Aryl  trifluorovinyl  ethers  (TFVEs)  are  a  unique  class  of  molecules  that  have  been  shown  to  undergo  a 
thermal  dimerization  reaction  to  generate  perfluorocydobutane  (PFCB)  derivatives  (Figure  1A).9  Smith 
and  coworkers  have  synthesized  numerous,  high  molecular-weight  polymers  by  thermally  polymerizing 
monomers  containing  multiple  TFVE  moieties.10  Moreover,  due  to  the  availability  of  a  key  synthetic 
intermediate  (1,  Figure  IB),  the  straight-forward  incorporation  of  phenyl  TFVE  moieties  into  a  variety 
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of  chromophore  skeletons  is  possible.11  In  the  past  decade,  TFVE-containing  chromophore  thermosets 
have  been  explored  as  thermal  I  y-stable  nonlinear  optical  polymers,12  optical  waveguides13  and 
electroluminescent  polymers.14 

Thus  far,  the  thermal,  radical  initiator-free  fabrication  of  shape- persistent  nanoparticles  has  not  been 
demonstrated.  We  anticipated  that  the  thermal  reactivity  of  TFVEs  would  allow  access  to  such 
nanoparticles.  H erei n  we  describe  the  synthesis  of  rylene  dyes  functionalized  with  two  or  more  phenyl 
TFV  E  moieties  and  the  fabrication  of  rylene  nanoparticles  via  a  thermal  emulsion  polymerization. 


(A) 


1 

Figure  1.  (A)  Thermal  dimerization  reaction  of  aryl  trifluorovinyl  ethers  (TFVEs),  shown  for  phenyl 
TFVE.  (B)  Structure  of  4-bromophenyl  TFVE  (1). 


Materials  and  Methods 

General  Considerations'.  Synthetic  manipulations  were  carried  out  under  argon  using  dry  solvents  and 
standard  Schlenk  techniques.  All  solvents  were  of  ACS  reagent  grade  or  better  unless  otherwise  noted. 
1,4-Dioxane  and  1,2-dimethoxyethane  were  purified  by  distillation  over  activated  alumina.  Silica  gel 
(40-63  pm)  was  obtained  from  SiliCycle  Inc.  Pd2(dba)3-C H C b  and  S-Phos  were  purchased  from  Strem 
Chemicals  and  used  without  further  purification.  Tetraglyme  was  purchased  from  VWR  and  purified  by 
passing  through  a  plug  of  activated  neutral  alumina.  Compounds  2, 15  3,9c  4, 16  5,9c  and  617c  were 
synthesized  following  published  procedures.  Ultraviolet-visible  absorption  spectra  were  measured  with 
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an  Agilent  8453  diode  array  spectrophotometer  and  corrected  for  background  signal  with  a  solvent- 
filled  cuvette  .  Fluorescence  spectra  were  measured  on  a  SPEX  Fluorolog-x3  fluori meter  (model  FL- 
321,  450  W  Xenon  lamp)  using  right-angle  detection.  Fluorescence  lifetimes  were  measured  via 
frequency  modulation  using  a  Horiba-Jobin-Y  von  M  F2  lifetime  spectrometer  equipped  with  a  365  nm 
laser  diode  and  using  the  modulation  of  POPOP  as  a  calibration  reference.  M  esitylene/tetraglyme 
biphasic  mixtures  were  emulsified  with  either  an  IK  A  Ultra-Turrax  T25  Basic  high-shear  disperser  (at  a 
shear  rate  of  24/min)  or  a  Misonix  Microson  Ultrasonic  Cell  Disruptor.  DLS  measurements  were 
performed  at  the  M  IT  Biophysics  Instrumentation  Facility  using  a  Wyatt  Technologies  DynaPro  Titan 
Dynamic  Light  Scatterer  equipped  with  a  830  nm  diode  laser.  Data  were  fitted  to  a  globular  protein 
model,  taking  into  account  solvent  refractive  indices  and  viscosities  (CHCI3:  0.57  cP  at  20  °C,  toluene: 
0.59  cP  at  20  °C,  tetraglyme:  4.1  cP  at  20  °C,  water:  1.00  cP  at  20  °C). 

General  Procedure  for  the  synthesis  of  H  1,1  2 ,  and  H  4  :  A  flame-dried  50  mL  Schlenk  flask  was 
charged  with  the  appropriate  rylene  bromide,  3  (1.5  eq.  per  bromine  substituent),  Pd2(dba)3-C H  C U  (0.05 
eq),  S-Phos  (0.2  eq),  and  anhydrous  postassium  phosphate  (20  eq.)  under  a  positive  flow  of  argon.  Dry, 
degassed  1,2-dimethoxyethane  (15mL)  was  introduced  via  cannula  addition  and  the  resulting  mixture 
heated  at  60  °C  for  twelve  hours.  The  reaction  was  cooled  to  room  temperature  and  passed  through  a 
celite  plug  and  the  solvent  evaporated  under  reduced  pressure.  The  resulting  residue  was  purified  by 
flash  column  chromatography  using  50/50  hexanes/di  chi  oromethane  as  the  eluent. 

I  l .  Isolated  in  70%  as  a  deep  red  solid  from  2  following  the  procedure  described  above,  with  the  sole 
substitution  of  3.0M  aqueous  potassium  phosphate  for  anhydrous  potassium  phosphate.  lH  NMR 
(400  M  Hz,  CDCI3,  5):  8.56  (s,  2H),  8.18  (d,  J  =  8.4  Hz,  2H),  7.80  (d,  j  =  8.4  Hz,  2H),  7.56  (d,  J  =  8.0 
Hz,  4H),  7.23  (d,  J  =  8.0  Hz,  4H),  4.11  (m,  4H),  1.92  (m,  2H),  1.55  (s,  6H),  1.32  (m,  20H),  0.91  (m, 
14H);  13C  NMR  (100  MHz,  CDCI3,  5):  163.8,  139.9,  139.4,  136.8,  136.1,  135.0,  131.1,  130.3,  130.1, 
129.8  128.6,  122.5,  121.4,  117.8,  44.5,  38.1,  30.9,  28.9,  24.2,  23.2,  14.3,  10.8;  19F  NMR  (376  MHz, 
CDCI3,  5)  -119.00  (dd,  J  =  98,  60  Hz,  IF),  -126.69  (dd,  J  =  109,  98  Hz,  IF),  -134.47  (dd,  J  =  109,  60 
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Hz,  IF);  UV-vis  (C H C l3):  Wdog  e)  =400  (3.8),  475(3.2),  519  (4.0),  553  (4.4);  HRMS  (ESI,  m/z):  [M 
+  H  ]+  calcd  for  C56H49F6N2O6,  959.3495;  found,  959.3493. 

IK  2 .  Isolated  in  50%  as  a  deep  red  solid  from  2  following  the  procedure  described  above.  3H  NM  R 
(400  MHz,  CDCI3,  5):  8.29  (s,  4H),  7.56  (d,  J  =  8.0  Hz,  8H),  7.23  (d,  j  =  8.0  Hz,  8H),  4.11  (m,  4H), 
1.92  (m,  2H),  1.55  (s,  6H),  1.32  (m,  20H),  0.91  (m,  14H);  13C  NM  R  (100  M  Hz,  CDCI3,  5):  163.7, 139.8, 
139.4,  136.8,  135.8,  135.0,  131.1,  130.3,  130.1,  128.6,  122.5,  121.4,  117.8,  44.5,  38.1,  30.9,  28.9,  24.2, 
23.2,  14.3,  10.8;  19F  NM  R  (376  MHz,  CDCI3,  5)  -119.00  (dd,  J  =  98,  60  Hz,  IF),  -126.69  (dd,  /  =  109, 


98  Hz,  IF),  -134.47  (dd,  J  =  109,  60  Hz,  IF);  UV-vis  (CHCI3):  Xmax  (log  e)  =  400  (3.8),  558  (4.0),  592 
(4.3);  HRMS  (ESI,  m/z):  [M  +  H ]+  calcd  for C 72H 55F12N 208, 1303.3767;  found,  1303.3769. 

IK  1 .  Isolated  in  74%  as  a  greenish-blue  solid  from  6  following  the  procedure  described  above. 
3H  N  M  R  (400  MHz,  CDCI3,  5):  8.37  (s,  4H ),  7.98  (s,  4H ),  7.56  (d,  /  =  8.4  Hz,  8H ),  7.27  (t,  /  =  4.8  Hz, 
2H),  7.23  (d,  J  =  8.4  Hz,  8H),  7.01  (d,  J  =  4.8  Hz,  4H),  2.68  (m,  4H),  1.08  (s,  24H);  13C  NM  R  (100 
MHz,  CDCI3,  5):  163.3,  155.0,  153.2,  147.8,  145.8,  134.6,  132.1,  132.0,  129.7,  129.2,  129.2, 


129.0,128.9,  128.4,  127.4,  127.3,  126.1,  125.8,  125.5,  124.1,  123.4,  122.7,  122.0,  119.3,  34.7,  29.2, 
21.6;  19F  NM  R  (376  M  Hz,  CDCI3,  5)  -119.00  (dd,  J  =  98,  60  Hz,  IF),  -126.69  (dd,  J  =  109,  98  Hz,  IF), 


-134.47  (dd,  J  =  109,  60  Hz,  IF);  UV-vis  (CHCI3):  Xmax  (log  e)  =  410  (3.0),  610  (3.1),  665  (3.7),  720 
(3.9);  HRMS  (ESI,  m/z):  [M  +  H ]+  calcd  for CgoH 59F12N 208f  1523.4080;  found,  1523.1520. 

General  Procedure  for  the  synthesis  of  l  J  and  IK  5  :  A  flame-dried  50  mL  Schlenk  flask  was  charged 
with  the  appropriate  rylene  bromide,  5  (1.1  eq.  per  bromine  substituent),  and  anhydrous  postassium 
carbonate  (1.1  eq.  per  bromine  substituent)  under  a  positive  flow  of  argon.  Dry,  degassed  iV-methyl-2- 
pyrrolidone  (lOmL)  was  introduced  via  cannula  addition  and  the  resulting  mixture  heated  at  80  °C  for 
twelve  hours.  The  reaction  was  cooled  to  room  temperature,  diluted  with  1  M  HCI  and  extracted  with 
CHCI3  (3x  30  mL).  The  organic  layers  were  combined,  dried  over  magnesium  sulfate  and  the  solvent 
evaporated  under  reduced  pressure.  The  resulting  residue  was  purified  by  flash  column  chromatography 
using  60/40  hexanes/dichloromethane  as  the  eluent. 
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I  J .  Isolated  in  85%  as  a  deep  red  solid  from  4  following  the  procedure  described  above.  3H  NM  R 
(400  M  Hz,  CDCh,  5):  9.47  (d,  J  =  8.4  Hz,  2H),  8.57  (d,  J  =  8.4  Hz,  2H),  8.23  (s,  1H),  7.18  (m,  8H), 
4.04  (m,  4H),  1.87  (m,  2H),  1.57  (s,  4H),  1.28  (m,  22H),  0.88  (m,  16H);  13C  NMR  (100  MHz,  CDCI3, 
5):  163.7,  155.3,  139.4,  132.1,  130.5,  129.3,  129.0,  125.3,  124.1,  123.9,  122.4,  121.3,  118.3,  44.5,  38.1, 
30.9,  28.9,  24.2,  23.2,  14.3,  10.8  ;  19F  NMR  (376  M  Hz,  CDCI3,  5)  -119.00  (dd,  J  =  98,  60  Hz,  IF),  - 
126.69  (dd,  /  =  109,  98  Hz,  IF),  -134.47  (dd,  J  =  109,  60  Hz,  IF);  UV-vis  (CHCI3):  Xmax  (log  e)  =  400 
(3.8),  461  (3.8),  502  (4.1),  536  (4.4);  HRMS  (ESI,  m/z):  [M  +  H ]+  calcd  for  C 56H 49F6N 208,  991.3393; 
found,  991.3398. 

I  5 .  Isolated  in  87%  as  a  deep  blue  solid  from  6  following  the  procedure  described  above.  XH  NM  R 
(400  MHz,  CDCI3,  5):  9.47  (s,  4H),  8.27  (s,  4H),  7.40  (d,/  =  8.4  Hz,  8H),  7.27  (t,/  =  4.8  Hz,  2H),  7.09 
(d,  J  =  8.4  Hz,  8H),  7.01  (d,  /  =  4.8  Hz,  4H),  2.68  (m,  4H),  1.08  (s,  24H);  13C  NM  R  (100  MHz,  CDCI3, 
5):  163.3,  155.0,  153.2,  147.8,  145.8,  134.6,  132.1,  132.0,  129.7,  129.2,  129.2,  129.0,128.9,  128.4, 
127.4,  127.3,  126.1,  125.8,  125.5,  124.1,  123.4,  122.7,  122.0,  119.3,  34.7,  29.2,  21.6;  19F  NMR  (376 
MHz,  CDCI3,  6)  -119.00  (dd, y  =  98,  60  Hz,  IF),  -126.69  (dd, y  =  109,  98  Hz,  IF),  -134.47  (dd,/  =  109, 
60  Hz,  IF);  UV-vis  (CHCI3):  Xmax(log  s)  =410  (3.2),  569  (3.8),  623  (4.0),  680  (4.2);  HRMS  (ESI,  m/z): 
[M  +H]+ calcd  for  C90H59F12N2O12, 1587.3876;  found,  1587.3877. 

Nanoparticle  Synthesis.  0.5  mL  of  a  solution  of  the  appropriate  TFV E -functi onal ized  rylene  diimide 
monomer  in  mesitylene  (0.2  -  1.6  mg/mL)  was  added  to  5.0  mL  tetraglyme.  The  resulting  biphasic 
mixture  was  either  homogenized  with  a  high-shear  disperser  or  sonicated  to  yield  a  homogeneous 
emulsion,  which  was  then  heated  to  190  °C  under  argon  for  12  h. 

Results  and  Discussion 

Monomer  Synthesis.  PDIs  were  bay-functionalized  with  phenyl  TFVE  moieties  starting  from  either 
tetrabromide  215  or  dibromide  416  (Scheme  1).  Following  the  previously  reported  synthesis  and 
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CsF/Ag20  mediated  tetraarylation  of  2, 15  we  initially  aimed  to  perform  a  four-fold  Suzuki-M  iyaura 
coupling  between  2  and  3.  However,  the  TFVE  moiety  was  found  to  be  slightly  susceptible  to 
nucleophilic  addition  of  fluoride  in  the  presence  of  the  CsF/Ag20  base  system  and  the  resulting  hydro- 
1,2,2-fl uoroethane-contai ning  (-O-CHF-CF3)  side  products  could  not  be  separated  from  the  reaction 
mixture.  Instead,  a  four-fold  Suzuki-M  iyaura  cross  coupling  under  the  modified  Buchwald  conditions 
was  pursued.  When  aqueous  potassium  phosphate  was  employed  as  a  base,  tetrabromide  2  was  partially 
dehalogenated  and  monomer  Ml,  with  two  phenyl  TFVE  moieties,  was  isolated  in  70%  yield.  Upon 
switching  the  base  to  rigorously  anhydrous  potassium  phosphate,  tetraarylated  monomer  M2  was 
isolated  in  50%  yield.  Taking  advantage  of  the  electron-deficient  nature  of  the  PDI  skeleton,  monomer 
M3  was  synthesized  via  an  SnA  r  reaction  between  4  and  5. 


Scheme  1.  Synthesis  of  perylene  diimide-containing  thermoset  monomers. 
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The  synthesis  of  TFVE-functionalized  terrylene  diimide  (TDI)  monomers  is  shown  in  Scheme  2. 
Similar  to  M2,  the  tetraarylated  TDI  monomer  M4  was  synthesized  starting  from  tetrabromide  6  via  a 
modified  Suzuki-M  iyaura  cross-coupling  reaction  with  anhydrous  potassium  phosphate.  Tetraaryloxy 
monomer  M5  was  synthesized  by  an  SnA  r  reaction  between  6  and  5. 


Scheme  2.  Synthesis  of  terrylene  diimide-containing  thermoset  monomers. 


Monomer  Photophysics.  The  photophysical  properties  of  monomers  Ml-5  (in  CHCU  solutions)  are 
summarized  in  Table  1.  In  general,  the  TFVE  moieties  were  not  observed  to  significantly  affect  the 
optical  properties  of  rylene  dyes.  The  absorption  and  emission  maxima  and  fluorescence  quantum  yields 
of  monomers  M3  and  M5  were  similar  to  phenyloxy-substituted  PD  1 17a  and  TD 1 ,17b  respectively. 
M  onomer  M2  displayed  similar  absorption  and  emission  maxima  to  the  previously-reported  tetraphenyl 
PDI.  Consistent  with  similar  observations  for  biphenyl-containing  fluorophores,18  phenyl  substitution 
was  found  to  increase  the  otherwise-small  Stokes'  shift  of  rylene  dyes  and  decrease  their  fluorescence 
quantum  yields.  Moreover,  the  excited-state  lifetimes  of  the  phenyl-substituted  rylenes,  Ml,  M2  and 
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M4,  were  found  to  be  significantly  longer  than  their  parent  rylenediimides  (4.5  ns  for  A7-(2-ethyl hexyl )- 
PDI  and  3.5  ns  for  A7-(2,6-diisopropylphenyl)-TDI),  most  likely  due  to  excited  state  planarization  across 
the  biphenyl  linkage. 


Table  1.  Photophysical  properties  (in  CHCI3)  of  phenyl  TFVE-containing  rylenediimides. 


Compound 

^max  /  rim 
(log  s) 

Xm  1  nm 

O 

t/  ns 

Ml 

553  (4.4) 

602 

0.88a 

8.7 

M2 

592  (4.3) 

640 

ri3 

T - 1 

CD 

O 

9.8 

M3 

536  (4.4) 

563 

0.81a 

5.8 

M4 

720  (3.9) 

765 

0.08b 

5.7 

M5 

680  (4.2) 

700 

0.17b 

2.4 

a  M  easured  against  Rhodamine  B  in  ethanol  (O  0.71) b  M  easured  against  zinc  phthalocyanine  in  1% 
pyridine  in  toluene  (<t>  0.30) 
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Scheme  3.  Thermal  formation  of  shape- persistent  rylene  nanoparticles. 


Nanoparticle  Synthesis.  Rylene  nanoparticles  were  synthesized  by  adding  mesitylene  solutions  of 
monomers  Ml-5  to  tetraglyme  and  either  homogenizing  or  sonicating  the  resulting  biphasic  system. 

Q 
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This  homogeneous  mixture  was  then  thermally  crosslinked  by  heating  to  190  °C  for  twelve  hours 
(Scheme  3).  Scanning  electron  micrograph  (SEM)  images  of  the  drop-cast  reaction  mixture  thus 
obtained  from  M2  revealed  the  presence  of  polydisperse,  submicron  particles  (see  Figure  2).  Dynamic 
light  scattering  (DLS)  measurements  on  the  thermally- polymerized  mixtures  fabricated  from  Ml-5 
indicated  that  particles  with  hydrodynamic  radii  between  ca.  70  and  100  nm  in  tetraglyme  were  obtained 
(see  Figure  3A ).  A  significant  difference  was  not  observed  in  the  size  of  the  nanoparticles  obtained  from 
perylene  (NP1-3)  versus  terrylene  (NP4-5)  diimide  monomers.  The  size  of  the  dye  particles  in 
tetraglyme  could  be  controlled  within  the  70  -  100  nm  range  by  varying  the  concentration  of  monomer 
in  the  starting  mesityl ene  solution  (see  Figure  3B).  DLS  measurements  indicated  that  NP1-5  did  not 
coagulate  in  tetraglyme  for  at  least  six  months  (the  stability  of  the  nanoparticles  as  colloids  in 
tetraglyme  was  only  monitored  for  six  months). 


Figure  2.  SEM  micrograph  of  the  thermally-polymerized  reaction  mixture  obtained  from  M2. 
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Hydrodynamic  Radius  (nm) 


Starting  Monomer  Concentration  (mg/mL) 

Figure  3.  (A)  Typical  distribution  of  hydrodynamic  radii  in  tetraglyme  for  the  thermally-polymerized 
mixtures  fabricated  with  Ml-5,  as  measured  by  dynamic  light  scattering  (DLS);  the  particle  size 
distribution  for  NP2  is  shown  (1.6  mg/mL  starting  monomer  concentration  in  mesitylene).  (B)  The 
average  hydrodynamic  radii  of  particles  obtained  by  varying  the  concentration  of  rylene  monomer  in  the 
starting  mesitylene  solution  (shown  forNP2). 

Once  thermally  polymerized,  the  chromophore  nanoparticles  could  be  extracted  into  organic  solvents 
from  the  tetraglyme  suspension.  19F-NMR  spectra  of  the  toluene-d8  extract  of  the  thermally- 
polymerized  reaction  mixture  obtained  from  M2  indicated  that  the  desired  formation  of  PFCBs  had 
proceeded,  as  the  three  characteristic  doublet  of  doublets  arising  from  the  TFVE  moiety9c  were  not 
observed  (see  Supporting  Information).  Additionally,  undesired  side  products  from  the  addition  of  water 
or  other  nucleophiles  to  the  TFVE  moiety  were  not  evident  in  the  19F  spectrum  of  NP2.  Nanoparticles 
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NP2,  NP4  and  NP5  were  observed  to  retain  their  shape  upon  extraction  into  organic  solvents  (toluene 
and  CHCI3);  however,  the  hydrodynamic  radii  of  these  particles  were  observed  to  increase  by 
approximately  30%  in  organic  solvents  (see  Figure 4). 
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Figure  4.  Typical  changes  in  the  measured  hydrodynamic  radii  for  NP2,  NP4  and  NP5  with  changing 
solvents.  The  particle  size  distribution  for  NP2  (fabricated  with  1.6  mg/mL  starting  monomer 
concentration  in  mesitylene)  isshown  in  (A)  tetraglyme,  (B)  toluene  and  (C)  water. 


Nanoparticle  Photophysics.  The  absorption  and  emission  spectra  of  colloidal  NP1-5  in  tetraglyme 
(Figure  5A)  were,  overall,  similar  to  those  of  their  respective  monomers  in  chloroform  or  toluene 
solutions,  with  two  notable  differences:  the  absorption  and  emission  bands  of  the  rylene  nanoparticles 
were  broadened  and  their  emission  maxima  were  hypsochromically  shifted  by  approximately  15  nm 
relative  to  their  corresponding  monomers.  We  tentatively  ascribe  these  observations  to  aggregation  of 
the  rylene  chromophores  in  the  presence  of  tetraglyme.  Accordingly,  the  fluorescence  quantum  yields  of 
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the  nanoparticles  in  tetraglyme  were  also  slightly  lower  than  those  of  the  starting  monomers—  a  ca.  5% 
loss  in  fluorescence  quantum  yield  was  generally  observed  after  thermal  emulsion  polymerization  in 
tetraglyme. 


Wavelength  (nm) 


Wavelength  (nm) 


Figure  5.  Emission  spectra  of  NP1-5  as  colloidal  suspensions  in  tetraglyme  (A)  and  as  dilute 
suspensions  in  water  (B,  1:50  dilution  of  the  tetraglyme  suspension  into  Dl  water). 


The  nanoparticle  suspensions  in  tetraglyme  were  diluted  into  water  (1:50  dilution)  and  the  resulting 
aqueous  mixtures  were  filtered  through  a  0.2  jam  PTFE  filter  to  remove  large  aggregates.  The  filtered 
aqueous  solutions  were  homogenous  and  nanoparticle  precipitation  was  not  evident  by  eye.  DLS 
measurements  revealed  that  the  hydrodynamic  radii  of  NPl-5  in  water  decreased  by  ca.  35%  relative  to 
those  measured  in  tetraglyme  (see  Figure  4).  These  aqueous  solutions  remained  homogenous  by  eye  and 
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the  measured  hydrodynamic  radii  of  the  nanoparticles  remained  unchanged  for  at  least  three  months. 
The  emission  spectra  of  NP1-5  in  water  are  shown  in  Figure  5B.  The  emission  maxima  of  NP1-5  in 
water  are  very  similar  to  those  of  their  corresponding  monomers  in  chloroform  solutions.  Aqueous 
solutions  of  the  perylene  diimide  nanoparticles  NP1,  NP2  and  NP3  displayed  good  fluorescence 
quantum  yields  (63%,  50%  and  60%,  respectively);  however,  the  fluorescence  quantum  yields  of 
aqueous  solutions  of  the  terrylene  diimide  nanoparticles  NP4  and  NP5  were  relatively  low  (3%  and 
11%,  respectively).19 

Conclusions 

Rylene  dyes  functionalized  with  varying  numbers  of  phenyl  trifluorovinylether  (TFVE)  moieties  were 
synthesized  and  subjected  to  a  thermal  emulsion  polymerization  to  yield  shape- persistent,  water-soluble 
chromophore  nanoparticles.  The  reported  thermal  emulsion  polymerization  is  unique  from  previously- 
reported  methods  to  fabricate  chromophore  or  conjugated  polymer  nanoparticles,  as  it  does  not  involve 
the  use  of  radical  initiators  or  metal  catalysts.  Aqueous  solutions  of  perylene  diimide-containing 
nanoparticles  remained  homogenous  for  at  least  three  months  and  displayed  desirable  fluorescence 
quantum  yields. 


Supporting  Information  Available.  19F  N  M  R  spectra  of  select  systems  and  spectral  characterization 
data. 
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TOC  graphic. 


Rylene  dyes  functionalized  with  varying  numbers  of  phenyl  trifluorovinylether  (TFVE)  moieties  were 
synthesized  and  subjected  to  a  thermal  emulsion  polymerization  to  yield  shape- persistent,  water-soluble 
chromophore  nanoparticles.  Suspensions  of  the  rylene  nanoparticles  in  water  displayed  desirable 
quantum  yields. 
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RECEIVED  DATE  (to  be  automatically  inserted) 

ABSTRACT.  The  nitramine-containing  explosive  RDX  and  the  nitroester-containing  explosive 

PETN  are  shown  to  be  susceptible  to  photofragmentation  upon  exposure  to  sunlight.  M  odel  compounds 

containing  nitroester  and  nitramine  moieties  are  also  shown  to  fragment  upon  exposure  to  UV 

irradiation.  The  products  of  this  photofragmentation  are  reactive,  electrophilic  NOx  species,  such  as 

nitrous  and  nitric  acid,  nitric  oxide,  and  nitrogen  dioxide.  N,N-D\ methyl  aniline  is  capable  of  being 

nitrated  by  the  reactive,  electrophilic  NOx  photofragmentation  products  of  RDX  and  PETN.  A  series  of 

9,9-disubstituted  9,10-di hydroacridines  (DHAs)  are  synthesized  from  either  /V-phenylanthranilic  acid 

methyl  ester  or  a  diphenylamine  derivative  and  are  similarly  shown  to  be  rapidly  nitrated  by  the 

photofragmentation  products  of  RDX  and  PETN.  A  new  (turn-on)  emission  signal  at  550  nm  is  observed 

upon  nitration  of  DHAs  due  to  the  generation  of  fluorescent  donor-acceptor  chromophores.  Using 

fluorescence  spectroscopy,  the  presence  of  ca.  1.2  ng  of  RDX  and  320  pg  of  PETN  can  be  detected  by 

DHA  indicators  in  the  solid  state  upon  exposure  to  sunlight.  The  nitration  of  aromatic  amines  by  the 

photofragmentation  products  of  RDX  and  PETN  is  presented  as  a  unique,  highly  selective  detection 

mechanism  for  nitroester-  and  nitramine-containing  explosives  and  DHAs  are  presented  as  inexpensive 
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and  impermanent  fluorogenic  indicators  for  the  selective,  standoff/remote  identification  of  RDX  and 
PETN. 


I  ntroduction 

Detecting  hidden  explosive  devices  in  war  zones  and  transportation  hubs  is  an  important  pursuit.  The 
three  most  commonly  used  highly  energetic  compounds  in  explosive  formulations  are:  2,4,6- 
trinitrotoluene  (TNT),  1,3,5-tri nitrotri azi nane (RDX),  and  pentaerythritol  tetranitrate (PETN)  (Figure  1). 
Numerous  technologies  are  currently  capable  of  detecting  the  energetic  chemical  components  of 
explosive  devices,  including:  analytical  spot  tests;1  fluorescent  sensors  using  either  small-molecule 
fluorophores2  or  fluorescent  conjugated  polymers;3  chemi resistive  sensors;4  portable  mass 
spectrometers;5  and  X-ray  systems.6  Each  example  listed  has  unique  advantages  and  limitations.  For 
instance,  while  X-ray  systems  are  capable  of  detecting  bulk  hidden  explosive  devices  and  portable  mass 
spectrometers  are  capable  of  identifying  the  exact  chemical  structures  of  suspect  chemicals,  the  practical 
deployment  and/or  longevity  of  these  hardware-intensive  technologies  in  complex  environments  is  non¬ 
trivial.5  Fluorescent  sensors  are  comparatively  technology-unintensive,  have  desirably  low  detection 
limits,  and  are  also  capable  of  identifying  (responding  to)  entire  classes  of  molecules  (such  as 
nitroaromatics)  or  particular  functional  groups  (vide  infra).3  Chemical  spot  tests  can  be  more  specific 
than  fluorescent  sensors  but  are  not  as  sensitive  and  do  not  have  the  analytical  advantages  of  an  emissive 
signal,  such  as  remote  line-of-sight  (stand-off)  detection  or  prospects  for  complex  signal  processing  (i.e., 
fluorescence  lifetimes,  depolarization). 
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Figure  1.  Structures  of  common  high  explosives. 


We  previously  reported  a  turn-on  fluorescence  chemosensing  scheme  based  on  the  photoreaction 

between  a  hydride  donor  and  either  RDX  or  PETN,  wherein  the  nitramine  or  nitroester  component  was 
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photoreduced  by  9,10-dihydroacridine  (Acrhh,  Figure  2)  or  its  metalated  analogues.7  The  acridinium 
products  (AcrH+)  of  this  photoreaction  had  a  high  fluorescence  quantum  yield  and  resulted  in  a 
significant  fluorescence  turn-on  signal  in  the  presence  of  RDX  and  PETN. 


Figure  2.  Structures  of  the  hydride  donor  Acrhh,  its  oxidation  product  AcrH+,  and  the  9,9-disubstituted 
9,10-dihydroacridines,  DHAs,  studied  herein. 

While  studying  this  photoreaction,  we  became  interested  in  the  photochemical  stability  of  nitramine 
and  nitroester  compounds  under  ultraviolet  (UV)  irradiation.  Nitroesters  and  nitramines  have  been 
known  to  degrade  under  highly  acidic  or  basic  conditions  and  established  spot  tests  for  PETN  and  RDX 
detect  these  chemical  degradation  products  as  opposed  to  directly  detecting  intact  PETN  or  RDX  }  The 
base-promoted  digestion  of  nitroglycerin  (NG)  has  also  been  studied  and  is  thought  to  evolve  a  mixture 
of  nitrate  and  nitrite  anions,  among  other  degradation  products  (Scheme  1A).8  Similarly,  RDX  is  also 
known  to  decompose  in  basic  media  and  produce  nitrite  ions  (Scheme  1A).9  The  Greiss  test10  for  nitrite 
ions  can,  therefore,  be  employed  to  confirm  the  evolution  of  nitrite  upon  base-promoted  degradation  of 
RDX  and  PETN .  The  chemistry  behind  the  commerci  ally-avail  able  Greiss  test  (Scheme  IB)  involves  the 
reaction  of  sulfanilamide  (4)  with  nitrite  to  form  diazonium  salt  6,  which  then  reacts  with  an  arylamine 
(5)  to  form  a  brightly-colored  azo  dye  (7). 11  As  seen  in  Scheme  1C,  when  nitrite  test  strips  impregnated 
with  the  modified  Greiss  reagent  were  dipped  into  solutions  of  either  RDX  or  PETN  in  2:1  acetonitrile:! 
M  NaOH,  a  bright  pink  color  evolved,  indicating  the  presence  of  nitrite  anions. 
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UV  Sunlight 

Scheme  1  (A)  Degradation  mechanisms  of  nitroesters  and  nitramines  in  basic  media.  (B)  Active 
components  and  detection  mechanism  of  the  Zeller-G reiss  test  for  nitrite  ions.  (C)  Nitrite  ion  test  on 
base-degraded  RDX  and  PETN.  Test  strips  were  dipped  into  blank  2:1  M  eCN :  1M  NaOH  (i),  or  17  mg 
PETN  (ii)  or  10  mg  RDX  (iii)  in  3  mL  2:1  M  eCN:  1M  NaOH.  (D)  Nitrite  ion  test  on  photolyzed  RDX 
and  PETN.  Test  strips  were  dipped  into  (i)  10  mg  RDX  or  (ii)  15  mg  PETN  in  3  mL  M  eCN,  or  (iii)  neat 
MeCN  and  irradiated  at  254  nm  for  one  minute.  (E)  Nitrite  ion  test  on  RDX  and  PETN  exposed  to 
sunlight.  Test  strips  were  dipped  into  (i)  10  mg  RDX  or  (ii)  15  mg  PETN  in  3  mL  M  eCN,  or  (iii)  neat 
MeCN  and  irradiated  with  polychromatic  light  from  a  solar  simulator  for  30  minutes.  (F)  Proposed 
photolytic  cleavage  pathway  of  nitroesters  and  nitramines  and  select  photofragmentation  products. 


Interestingly,  when  the  same  nitrite  test  strips  were  dipped  into  base-free  acetonitrile  solutions  of  RDX 
or  PETN,  dried  and  irradiated  (A  =  254  nm),  formation  of  the  pink  azo  dye  was  also  observed  (Scheme 
ID),  suggesting  the  evolution  of  nitrite  ions  upon  the  photolysis  of  RDX  and  PETN.  Photolysis  at  313 
nm,  334  nm  and  365  nm  similarly  resulted  in  a  positive  Greiss  test;  however,  non-UV  controls  did  not 
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yield  a  pink  color.  Moreover,  extended  exposure  (30  minutes)  to  polychromatic  light  from  solar 
simulator  was  also  observed  to  photolyze  RDX  and  PETN  and  yield  a  positive  Greiss  test  (Scheme  IE). 

The  photolysis  of  nitroester  and  nitramine-based  energetic  compounds  under  various  conditions  has 
been  studied  and  found  to  produce  a  number  of  small-molecule  degradation  products,  including  nitrous 
and  nitric  acid,  nitric  oxide,  nitrogen  dioxide,  formaldehyde  and  ammonia.12  The  proposed  photolytic 
degradation  mechanisms  for  PETN  and  RDX  are  shown  in  Scheme  IF.  In  the  case  of  PETN,  it  is 
hypothesized  that  heterolytic  cleavage  of  the  O-NO2  bond  initially  produces  an  alkoxide  (8)  and  a  highly 
reactive  nitronium  ion  (9)  that  rapidly  forms  nitric  acid  under  ambient  conditions.13  For  RDX,  evidence 
of  both  the  homolytic  and  heterolytic  scission  of  the  N-NO2  bond  of  RDX  (to  produce  nitrogen  dioxide 
(12)  or  nitrite,  respectively)  exists  and  the  exact  nature  of  the  initial  photoreaction  is  ambiguous.1412d 
Nevertheless,  it  can  be  agreed  that  the  proposed  initial  products  of  RDX  and  PETN  photolysis  are  highly 
reactive,  electrophilic  NOx  species,  which  can  conceivably  convert  sulfanilamide  4  to  the  diazonium 
cation  6  necessary  to  produce  a  positive  result  in  the  Zel ler-G reiss  test. 

Unfortunately,  the  Greiss  test  or  variations  thereof  cannot  meet  the  detection  requirements  for  RDX 
and  PETN .  First,  simple  standoff  detection  (detection  at  a  distance)  with  colorimetric  spot  tests  is  not  a 
viable  possibility  because  of  the  difficulty  in  getting  a  clear  optical  signal  returned  from  a  purely 
absorptive  process.  M  oreover,  even  with  optimized  reagent  systems,  the  detection  limit  of  the  G  reiss  test 
is  in  the  microgram  regime,15  which  is  not  competitive  with  existing  methods  to  detect  RDX  and  PETN. 

H erei n,  we  propose  instead  a  sensing  scheme  that  is  uniquely  selective  to  the  photolytic  cleavage  of 
nitroester  and  nitramine  compounds  through  the  formation  of  nitroaromatic  products  that  provide  a  new 
fluorescence  signal.  The  pro-fluorescent,  or  fluorogenic,  indicators  described  herein  are  capable  of 
efficiently  reacting  with  the  photofragments  of  RDX  and  PETN  and  constitute  a  new,  highly  selective 
and  sensitive  detection  scheme  for  these  explosives. 
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Results  and  Discussion 

Indicator  Design.  Considering  the  electrophilic  nature  of  the  N0X  species  generated  by  the 
photofragmentation  of  RDX  and  PETN  and  their  resemblance  to  the  active  electrophiles  in  aromatic 
nitration  reactions,  we  targeted  reactions  between  electron-rich  tertiary  aromatic  amines  and  the 
photofragments  of  RDX  and  PETN.  It  was  found  that  photolysis  (A  =  313  nm)  of  a  mixture  of  N,N- 
di  methyl  aniline  (DMA)  and  2  equivalents  of  either  RDX  or  PETN  for  10  minutes  in  acetonitrile  under 
anaerobic  conditions  afforded  the  formation  of  A/ ,A/ -dimethyl-4-nitroani I ine  (DM  NA)  in  14%  yield  (GC 
yield).  Higher  yields  of  DM  NA  were  obtained  with  longer  photolysis  times  and  DM  NA  was  formed  in 
ca.  80%  yield  after  1  hour.  The  photoreaction  between  DMA  and  either  RDX  or  PETN  under  anaerobic 
conditions  was  observed  to  produce  only  a  single ,  yellow-colored  product  (DMNA)  and  other  side 
products  were  not  evident  by  TLC  or  GC-MS  analyses.  The  ^-NMR,  IR  and  high-resolution  mass 
spectra  of  the  isolated  yellow  product  exactly  matched  those  obtained  for  an  authentic  commercial 
sample  of  DM  NA.  Conducting  the  photolysis  under  aerobic  conditions  resulted  in  partial  demethylation 
of  DMA16  and  yielded  a  mixture  of  DM  NA  and  its  demethylated  analog,  A/-methyl-4-nitroaniline  (13) 
(see  Scheme  2).  Photolysis  of  DMA  with  ammonium  nitrate  was  also  found  to  produce  DMNA, 
although  longer  photolysis  times  (>30  minutes)  were  required  and  greater  amounts  of  demethylated  side 
products  were  observed  (most  likely  due  to  the  presence  of  water  or  other  nucleophiles  in  the  solutions). 


Scheme!  Nitration  of  A/,A/-dimethylaniline  with  the  photofragmentation  products  of  RDX  and  PETN. 
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A  distinct  absorbance  band  centered  at  400  nm  was  found  to  accompany  the  formation  of  the  nitrated 
products  under  both  aerobic  and  anaerobic  conditions,  which  also  matched  the  low-energy  charge- 
transfer  band  displayed  by  commercial  DM  NA.  However,  DM  NA  has  a  very  low  fluorescence  quantum 
yield17  and,  therefore,  a  significant  turn-on  fluorescence  signal  is  not  generated  upon  reaction  of  DM  A 
with  the  photofragmentation  products  of  RDX  and  PETN. 

To  probe  the  scope  of  the  photonitration  reaction,  we  investigated  whether  9, 9-dioctylfluorene,  anisole 
and  1,2-dimethoxybenzene  could  be  nitrated  by  RDX  and  PETN.  Extended  photolysis  (5  h)  of  a  mixture 
of  9,9-dioctylfl uorene  and  either  RDX  or  PETN  in  1:1  acetonitri le:TH F  at  either  254,  313,  334,  or  356 
nm  failed  to  generate  any  observable  products  and  9,9-dioctylfluorene  was  recovered  in  ca.  90%  yield. 
Photolysis  of  anisole  with  RDX  or  PETN  yielded  only  trace  amounts  of  4-nitroanisole  (<1%  GC  yield) 
after  4  hours.  Photolysis  of  1,2-dimethoxybenzene  with  either  RDX  or  PETN  yielded  l,2-dimethoxy-4- 
nitrobenzene  in  only  ca.  8%  yield  after  2  hours;  moreover  this  reaction  did  not  proceed  cleanly  and 
numerous  polar  photoproducts  were  observed.  Therefore,  we  concluded  that  anilines  were  the  best 
candidates  for  a  potential  indicator. 

To  create  fluorogenic  indicators  based  on  the  facile  nitration  reaction  between  aromatic  amines  and 
the  photofragmentation  products  of  RDX  and  PETN,  9, 9- di substituted  9,10-di hydroacridines  (DHAs, 
Figure  2)  were  targeted  as  chemosensors.  We  hypothesized  that,  upon  nitration,  the  comparatively  rigid 
DHAs  would  generate  donor-acceptor  chromophores  possessing  high  fluorescence  quantum  yields.18 

Synthesis.  As  shown  in  Schemes  3-5,  a  series  of  9,9-disubstituted  DHAs  were  synthesized,  starting 
from  either  A/-phenylanthrani lie  acid  methyl  ester  (Routes  A  and  C)  or  a  diphenylamine  derivative19 
(Route  B).  DHAs  were  accessed  by  an  acid-catalyzed  cycl ization  of  a  tertiary  alcohol  intermediate  (for 
example,  structure  16).  In  Route  A  (Scheme  3),  intermediate  16  is  accessed  by  a  double  1,2-addition  of 
an  alkyl  or  aryl  Grignard  reagent  to  either  W-phenylanthranilic  acid  methyl  ester  (14)  or  its  A/-methyl 
derivative  (15);  this  strategy  to  synthesize  DHAs  has  previously  been  reported.20  In  Route  B  (Scheme  4), 

tertiary  alcohol  intermediates  19-21  are  accessed  from  1,2-addition  of  the  aryl  lithium  species  derived 
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from  18  to  an  appropriate  ketone.  This  strategy  was  adopted  to  synthesize  unsymmetric  DHAs(DHA10- 
13)  that  have  two  different  substituents  at  the  9-position,  a  spiro-DHA  (DHA14),  and  a  C F 3-contai ni ng 
DHA  (DHA15). 


-w 


Scheme  3.  Route  A  for  the  synthesis  of  9,9-disubstituted  9,10-dihydroacridines. 


Schemed  RouteB  for  the  synthesis  of  9,9-disubstituted  DHAs. 
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In  all  cases  except  one,  adding  a  catalytic  amount  of  concentrated  sulfuric  acid  resulted  in  Friedel- 
Crafts  reaction/cycl ization  of  the  respective  tertiary  alcohol  intermediates  to  yield  9,9-disubstituted 
DHAs.  As  shown  in  Scheme  3,  we  posit  that  this  transformation  proceeds  via  formation  of  a 
carbocation.  The  X-ray  crystal  structure  of  DHA8thus  obtained  is  shown  in  Figure  3.  The  cyclization  of 
compound  21  was  uniquely  challenging,  as  neither  the  use  of  strong  acids,  Lewis  acids,  nor  thionyl 
chloride  yielded  DHA15.21  However,  it  was  found  that  refluxing  a  solution  of  21  in  POCI3  produced 
DHA15  in  high  yield. 


Figure 3.  X-ray  crystal  structure  of  DHA8. 


Lastly,  Route  C  was  followed  to  synthesize  A/ -aryl  DHAs  (Scheme  5).  Copper-catalyzed  A/ -arylation  of 
14  with  4-bromotoulene  initially  furnished  22,  which  was  then  reacted  with  2.5  equivalents  of 
methyl  magnesium  bromide  and  catalytic  concentrated  sulfuric  acid.  Unfortunately,  the  Fried  el -Crafts 
cyclization  of  intermediate  23  yielded  a  nearly-statistical  mixture  of  DHA16  and  DHA17  (1:1.3 
DHA16:DHA17),  which  could  not  be  acceptably  separated  by  either  column  chromatography  or 
recrystallization.  Therefore,  compound  24  was  synthesized  by  copper-catalyzed  W-arylation  of  14  with 
2-bromomesitylene  and  subsequently  reacted  with  methyl  magnesium  bromide  and  sulfuric  acid  to 
access  DHA18. 


ACS  Paragon  Plus  Environment 


9 


1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

50 

51 

52 

53 

54 

55 

56 

57 

58 

59 

60 


Submitted  to  Journal  of  the  American  Chemical  Society 


Page  1 0  of  35 


r 


XX- 


V_ 


xf\C' 


\ 


</'<y'sW7,V  ^  'XX  ^fv~ 

"  ^  'yJ  \  '^v  CX . <X  CX'XX 


*  X  * 


x^ 


X 


X 


V.-  \ 

. xxx 

\ 

VO 

\ 

X\ 

\ 

_\ 

xs 

X 

X 

Scheme  5.  Route  C  for  the  synthesis  of  N -aryl  DHAs. 


Photophysics.  The  optical  properties  of  DHA1-18  are  summarized  in  Table  1.  The  DHAs  reported 
herein  displayed  similar  UV-vis  absorption  spectra,  with  absorption  maxima  around  290  nm. 
Additionally,  DHA1-18  generally  displayed  a  single  emission  band  centered  at  ca.  350  nm  and  were 
found  to  have  similar  fluorescence  quantum  yields  and  excited-state  lifetimes. 
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Table!  Optical  Properties  of  DHAs  in  acetonitrile. 


cmpd 

^max/nrn 

(log  s) 

^em/nm 

(Da 

x/  ns 

DHA1 

284(4.1) 

352 

0.18 

2.7 

DHA2 

288  (4.1) 

390 

0.04 

2.2 

DHA3 

288  (4.1) 

376 

0.09 

2.7 

DHA4 

285  (4.0), 
320(3.8) 

355 

0.13 

1.6 

DHA5 

285  (4.1) 

355 

0.14 

2.8 

DHA6 

246  (4.1), 
290  (4.0) 

382 

0.12 

2.3 

DHA7 

257  (4.1), 
298  (3.9) 

345 

0.10 

2.7 

DHA8 

294(3.9) 

359 

0.14 

1.7 

DHA9b 

247  (4.1), 
290  (3.9) 

345 

0.15 

2.8 

DHA10 

246  (4.3), 
290  (4.1) 

352 

0.12 

2.5 

DHA11 

289  (4.3) 

355 

0.14 

1.7 

DHA12 

247  (4.0), 
292  (3.9) 

382 

0.06 

1.7 

DHA13 

245  (4.8), 
296  (4.4) 

355 

0.09 

2.2 

DHA14 

247  (4.0), 
297(3.8) 

345 

0.15 

2.4 

DHA15 

280  (4.3), 
311  (4.0) 

354 

0.18 

2.5 

DHA16 

+ 

DHA17 

290  (4.2) 

371 

0.05 

2.7 

DHA18 

290  (4.2) 

371 

0.03 

2.5 

aM  easured  against  quinine  sulfate  in  0.1N  H2SO4  (®  0.54) b  in  THF 
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"\ 


Figured  Cyclic  voltammogram  of  DHA8  (Pt  button  electrode,  0.1  M  TBAPF6  in  CH2CI2,  100  mV/s). 
The  redox  reactions  giving  rise  to  each  anodic  (A,  B  and  C)  and  cathodic  (D  and  E)  peak  are  shown,  and 
the  first  anodic  peak  potential  (Epa)  and  onset  potential  (EonSet)  for  the  first  scan  are  labeled. 


Electrochemistry.  Cyclic  voltammograms  (CVs)  of  select  DHAs  were  recorded  in  CH2CI2  with 
tetrabutyl ammonium  hexafluorophosphate  (TBAPFe)  as  a  supporting  electrolyte  and  were  found  to 
reveal  behavior  suggestive  of  irreversible  chemical  transformations.  The  CV  of  DHA8  is  shown  in 
Figure  4  as  a  representative  example.  The  first  anodic  sweep  resulted  in  a  single  oxidation  peak  at  ca. 
1.20  V  vs  SCE,  which  can  be  ascribed  to  the  formation  of  the  radical  cation  of  DHA8.  However,  the 
corresponding  cathodic  sweep  revealed  two  cathodic  peaks,  arising  from  the  reduction  of  two  different 
species  in  solution.  Furthermore,  a  subsequent  anodic  sweep  displayed  two  oxidation  peaks.  Such 
behavior  has  been  previously  observed  for  tri  phenyl  amine  (TPA),22  and  is  attributed  to  the  rapid 
dimerization  of  TPA  radical  cations  following  oxidation;  the  electroactive  TPA  dimer  thus  formed  leads 
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to  the  growth  of  an  additional  anodic  and  cathodic  peak  after  an  initial  anodic  sweep.  Based  upon 
assignments  made  for  the  CV  of  TPA,22  the  redox  reactions  responsible  for  the  individual  anodic  and 
cathodic  peaks  observed  in  theCV  of  DHA8  were  identified  and  are  shown  in  Figure  3. 

The  dimerization  of  radical  cations  of  DH  A8  in  the  electrochemical  cell  to  form  D1  was  confirmed  by 
independently  synthesizing  Dl.  Oxidation  of  DHA8  with  FeCh  or  [Et30+SbC U"]23  afforded  D1  in  30- 
40%  yield  (Scheme  6).  This  oxidation  reaction  was  found  to  selectively  yield  the  dimeric  product  (by 
TLC  and  crude  *H  N  M  R  analyses);  moreover,  we  were  able  to  recover  the  remaining,  unreacted  DH  A8 
upon  reaction  workup.  The  use  of  hydrogen  peroxide  and  tert-butyl-hydrogen  peroxide  was  also 
investigated;  however,  surprisingly,  Dl  was  only  formed  in  less  than  5%  yield  with  these  reagents  and 
DHA8  was  recovered  in  ca.  90%  yield  after  reaction  workup.  Attempts  to  affect  an  oxidative 
polymerization  of  DHA8  were  not  successful  and  only  Dl  was  isolated.  This  observation  can  be 
explained  by  the  fact  that  Dl,  once  formed,  can  be  oxidized  to  a  stable,  closed-shell  dication  (Dl2+,  see 
Figure  3)  that  cannot  participate  in  subsequent  radical  coupling  reactions  to  form  polymers.  Dimer  Dl  is 
a  faint-yellow  compound  that  displays  an  absorption  band  centered  at  457  nm  and  an  emission  band 
centered  at  478  nm  (<I>  0.20).  The  CV  of  Dl  (see  Supporting  Information)  was  found  to  match  the 
second  scan  of  the  CV  of  DHA8  (see  Figure  4),  thus  confirming  the  aforementioned  assignments  for  the 
anodic  and  cathodic  peaks  observed  in  the  CV  of  DH A8. 


Scheme  6.  Oxidative  dimerization  of  DHA8to  form  Dl. 
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The  electrochemical  behavior  of  DHA8  was  similar  to  that  of  the  rest  of  the  reported  DH  As  and  also 
similar  to  the  electrochemical  behavior  of  DMA-i.e.,  the  respective  radical  cations  dimerized  in  the 
electrochemical  cell  after  the  first  anodic  sweep.  The  values  for  the  first  anodic  peak  potential  (Epa)  and 
onset  potential  (E onset)  for  the  first  scan  of  the  CVs  of  select  DHAs,  DM  A  and  TPA  are  summarized  in 
Table  2.  In  general,  similar  values  of  Epa  and  EonSet  were  observed  for  most  DHAs;  however,  the 
electron-deficient,  C F 3-contai ni ng  DHA15  was  an  outlier  and  displayed  significantly  higher  Epa  and 

Eonset  values. 


Table 2.  Electrochemical  Properties  of  Select  DHAs. 


cmpd 

Epa/V  vsSCE 

Eonset/V  VSSCE 

DHA1 

1.19 

0.77 

DHA2 

1.05 

0.77 

DHA4 

1.07 

0.87 

DHA5 

1.27 

0.86 

DHA6 

1.30 

0.86 

DHA7 

1.51 

0.92 

DHA8 

1.20 

0.95 

DHA9 

1.35 

0.85 

DHA11 

1.08 

0.87 

DHA15 

1.65 

1.18 

DHA16  + 
DHA17 

1.04 

0.83 

DHA18 

1.08 

0.83 

DMA9 

1.36 

0.77 

TPAb 

1.48 

0.95 

a  A/, A/ -Dimethyl  aniline. b  T  ri  phenyl  amine. 
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Reaction  with  RDX/PETN  Photofragmentation  Products.  The  photoreactions  between  DHA1-18 
and  either  RDX  or  PETN  were  initially  investigated  in  acetonitrile  solutions.  In  general,  irradiating 
solutions  containing  DHA1-18  and  either  RDX  or  PETN  (which  were  initially  colorless)  at  313  nm 
under  aerobic  conditions  lead  to  the  evolution  of  a  bright  yellow/orange  color  after  approximately  30 
seconds  to  5  minutes.  Irradiating  solutions  of  DHA1-18  in  the  absence  of  either  RDX  or  PETN  did  not 
result  in  the  same  bright  yellow/orange  color,  although  faint  yellowing  of  the  DHA  solutions  was 
noticed  after  greatly  extended  exposure  (>60  minutes)  to  U  V  light  under  aerobic  conditions. 

The  photolyses  (X  =  313  nm)  of  select  DH  As  with  a  stoichiometric  amount  of  either  RDX  or  PETN 
were  conducted  on  a  preparatory  scale  in  order  to  isolate  and  characterize  the  reaction  products  formed. 
In  these  studies,  long  irradiation  times  (generally  60  minutes)  were  employed  to  ensure  complete 
reactant  conversion.  TLC  and  GC-M  S  analyses  of  crude  reaction  mixtures  indicated  that  only  a  single, 
highly-colored  product  was  formed  in  all  cases.  The  yellow-orange  products  from  the  reactions  of 
DHA1,  DHA4,  and  DHA18  with  either  RDX  or  PETN  were  isolated  by  flash  column  chromatography 
and  identified  to  be  the  mono-nitrated  structures  (26,  28,  and  30,  respectively)  shown  in  Scheme  7  by 
their  NM  R,  FT-IR  and  high  resolution  mass  spectra  (see  Supporting  Information).  Compounds  26,  28 
and  30  were  isolated  in  70-80%  yield  after  column  chromatography,  along  with  ca.  10-15%  of  unreacted 
DHA1,  DHA4,  or  DHA18.  Similarly,  DHA5  and  DHA8  were  confirmed  to  produce  27  and  29, 
respectively,  in  approximately  70%  yield  (GC  yield)  upon  photolysis  with  RDX  or  PETN  (30  minutes). 
Additionally,  DHA1  and  DHA4  were  independently  nitrated  under  mild  conditions  using  Si02:H N O324 
and  the  products  thus  obtained  were  found  to  match  those  isolated  from  the  photoreactions  of  DHA1 
and  DHA4 with  RDX/PETN. 
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H  H  DRY / DCTM 


Scheme 7.  Photoreactions  of  various  9,10-dihydroacridi nes  with  RDX  and  PETN.  The  photoreduction 
of  RDX /PETN  by  AcrH2  has  been  previously  reported.7 


The  photoreaction  of  DHA2  with  either  RDX  or  PETN  yielded  the  nitrated  product  31;  however, 
compound  33  was  also  isolated  from  the  reaction  mixture  (Scheme  7).  The  yield  of  33  was  found  to  be 
somewhat  dependent  on  the  concentration  of  DHA2,  with  a  higher  amount  of  33  over  31  observed  in 
dilute  solutions.  The  yield  of  33  was  also  higher  relative  to  that  of  31  when  the  photolysis  of  DH  A2  and 
RDX/PETN  was  conducted  in  slightly  wet  acetonitrile.  Compounds  31  and  33  were  generally  isolated  in 
80%  combined  yield  after  flash  column  chromatography  of  the  photoreactions  between  DHA2  and 
either  RDX  or  PETN.  Furthermore,  DHA6  was  confirmed  to  produce  32  and  34  (by  GC-M  S  analysis) 
upon  photolysis  in  the  presence  of  RDX/PETN.  We  hypothesize  that  33  and  34  are  formed  as  a  result  of 
either  H-  or  hydride  abstraction  reactions  between  DHA2  or  DHA6  and  the  photodegradation  products 
of  RDX  and  PETN.  However,  we  are  currently  unsure  as  to  the  origins  of  the  concentration  dependence 
of  the  yield  of  33. 

GC-MS  analyses  of  the  photoreactions  between  the  remaining  DHAs  (DHA3,  DHA7,  DHA9, 
DHA10-17)  and  either  RDX  or  PETN  similarly  revealed  the  formation  of  mono-nitrated  derivatives  of 
the  respective  DHAs. 
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Figure  5.  Structures  of  a  model  nitramine,  /V,/V-diisopropylnitrannine  (NA),  and  a  model  nitroester, 
amyl  nitrate  (AN). 


Other  Nitroesters  and  Nitramines.  The  photoreactions  between  DHA1-18  and  either  a  model 
nitramine  or  nitroester  compound —  A/  ,/V -di  isopropyl  nitramine  (NA)  and  amyl  nitrate  (AN),  respectively 
(Figure  5)— were  also  investigated.  The  reaction  products  observed  upon  photolysis  (X  =  313  nm)  of 
mixtures  of  DHA1-18  and  either  NA  or  AN  were  identical  (as  established  by  TLC  and  GC-MS 
analyses)  to  the  aforementioned  nitrated  products  observed  with  RDX  and  PETN.  However,  the 
observed  yields  (GC  yields)  of  nitrated  DHAs  were  significantly  lower  with  NA/AN,  as  compared  to 
RDX/PETN.  For  example,  whereas  26  was  formed  in  75%  yield  upon  photolysis  with  either  RDX  or 
PETN  for  30  minutes,  the  photolysis  of  DHA1  with  NA  or  AN  afforded  26  in  only  30%  yield  under 
identical  reaction  conditions.  Therefore,  it  can  be  tentatively  inferred  that  RDX  and  PETN  are  more 
susceptible  to  photolytic  cleavage  than  their  respective  model  compounds. 


Differences  in  DHA  Reaction  Mechanisms.  As  shown  in  Scheme  7,  it  is  interesting  to  note  the 
difference  in  photochemical  reaction  mechanisms  between  various  9,10-di hydroacridines.  As  previously 
reported,7  A/-methyl-9,10-di hydroacridine  (Acrhh)  participates  in  a  hydride  transfer  reaction  with  either 
RDX,  PETN,  NA  or  AN.  Dialkylation  or  diarylation  of  the  9-position  of  Acrhh  effectively  nullifies  its 
ability  to  donate  a  hydride  ion  and  promotes  the  photonitration  reaction  detailed  herein. 


Light  Sources.  Importantly,  precise  timing  and  sophisticated,  high-intensity  light  sources  were  not 
found  to  be  necessary  to  effect  the  reaction  between  DHA1-18  and  the  degradation  products  of  either 

1 7 
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RDX  or  PETN.  Simply  exposing  a  mixture  of  DHA1-18  and  RDX/PETN  to  polychromatic  light  from  a 
solar  simulator  effected  the  photolytic  cleavage  of  RDX/PETN  and  subsequent  formation  of  mono¬ 
nitrated  DHAs.  For  example,  compounds  26  and  28  could  both  be  isolated  in  75%  yield  (after  flash 
column  chromatography)  after  a  mixture  of  RDX  or  PETN  and  DHA1  or  DHA4,  respectively,  in 
acetonitrile  were  exposed  to  simulated  sunlight  for  45  minutes.  The  yields  of  compounds  26  and  28  thus 
obtained  are  similar  to  those  reported  earlier  for  photolysis  at  313  nm. 

Other  NOx  Sources.  The  (photo)reactions  of  DHA1-18  with  sodium  nitrite,  potassium  nitrate,  and 
NO  were  also  investigated  to  judge  the  limitations  of  using  DHA1-18  as  stand-off  indicators  for 
RDX/PETN.  Exposing  a  mixture  of  either  DHA1,  DHA5,  DHA4or  DHA8  and  excess  sodium  nitrite  in 
2:1  acetonitri le:water  to  simulated  sunlight  for  2  hours  did  not  result  in  significant  nitration  of  these 
DHAs  (<1%  GC  yields  of  26-29  were  generally  observed).  However,  upon  addition  of  100  f^L  acetic 
acid  to  the  same  reaction  mixtures,  compounds  26-29  were  formed  in  approximately  8%  yield  in  the 
absence  of  light.  Protonating  nitrite  salts  generates  nitrous  acid,  which  is  known  to  decompose  and  form 
HNO3  (among  other  species),  which  most  likely  nitrated  the  DHAs  in  this  case. 

The  addition  of  a  large  excess  of  monomeric  NO  gas  to  dry,  oxygen-free  solutions  of  the 
aforementioned  DHAs  failed  to  generate  the  characteristic  yellow-orange  color  of  26-29;  however,  upon 
introduction  of  oxygen  to  these  solutions,  the  nitrated  DHAs  were  observed  to  be  formed  by  eye  (in  the 
absence  of  light).  Subsequent  GC-MS  analyses  confirmed  that  26-29  were  formed  in  ca.  20%  yield. 
Once  again,  NO  is  known  to  form  nitrogen  dioxide  upon  exposure  to  oxygen,  which  most  likely  resulted 
in  nitration  of  the  DHAs. 

Mixtures  of  DHA1,  DHA5,  DHA4  or  DHA8  and  a  large  excess  of  potassium  nitrate  in  2:1 

acetonitrile: water  did  not  immediately  result  in  nitration.  If  left  standing  for  24  h,  26-29,  along  with 

multiply-nitrated  derivatives  of  the  aforementioned  DHAs,  were  formed  in  less  than  5%  combined  yield 

(GC  yield).  Adding  acetic  acid  to  DHA/KNO3  mixtures  resulted  in  the  formation  of  multiply  nitrated 

DHAs,  with  2,7-dinitro  DHAs  being  the  major  products.  Exposing  mixtures  of  either  DHA1,  DHA5, 

18 
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DHA4  or  DHA8  and  a  large  excess  of  potassium  nitrate  in  2:1  acetonitrile: water  to  simulated  sunlight 
for  60  minutes  similarly  yielded  multiply-nitrated  derivatives  of  these  DHAs  in  approximately  20% 
combined  yield.  Stoichiometric  or  sub-stoichiometric  amounts  of  potassium  nitrate,  or  shorter 
irradiation  times  failed  to  generate  observable  quantities  of  nitrated  DHAs. 


Optical  Properties  of  Nitrated  DHAs.  The  photophysical  properties  of  select  nitrated  DHAs,  which 
were  either  isolated  from  the  photolysis  reactions  between  DHAs  and  RDX/PETN  or  synthesized  by 
nitrating  an  appropriate  DHA,  are  listed  in  Table  3.  In  general,  the  nitrated  DHAs  displayed  similar 
absorbance  bands  as  DMNA,  with  the  lowest  energy  bands  centered  at  ca.  400  nm.  Additionally, 
emission  bands  centered  at  ca.  540  nm  were  observed  for  all  isolated  mono-nitrated  DHAs.  The 
fluorescence  quantum  yields  of  the  compounds  listed  in  Table  3  were  found  to  be  solvent  dependent, 
with  the  lowest  quantum  yields  observed  in  acetonitrile.25  M  oreover,  compounds  26,  28,  30  and  31  were 
found  to  display  significant  emission  in  the  solid  state  (in  cellulose  acetate  films  containing  10  wt%  of 
the  appropriate  compound). 

Table 3.  Optical  properties  of  select  mono-nitrated  DHAs. 


cmpd 

T  9 

^max 

dog  e) 

T  9 
^em 

<D 

DMNA 

395  (3.9) 

530 

<0.01  (M  eCN)b 
0.09  (C  H  C 1 3)b 
0.17  (f i  1  m)c  d 

26 

408(4.1) 

535 

0.09  (M  eCN)D 
0.27  (C  H  C 1 3)b 
0.35  (film)cd 

28 

410(4.1) 

540 

0.10  (M  eCN)b 
0.30  (C  H  C 1 3)b 
0.42  (film)cd 

30 

413  (4.2) 

548 

0.14  (M  eCN)D 
0.37  (C  H  C 1 3)b 
0.45  (film)cd 

31 

409  (4.1) 

539 

0.05  (M  eCN)b 
0.22  (C  H  C 1 3)b 
0.33  (film)cd 
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a  in  MeCN  b  Measured  against  perylene  in  EtOH  (O  0.94)  c  10  wt%  in  cellulose  acetate  d  Measured 
against  10  wt%  perylene  in  PM  M  A  (<J>  0.78) 


Optical  Characterization  of  Indicator  Response.  The  absorption  and  emission  profiles  for  the 
reaction  between  DHA5  and  RDX  under  aerobic  conditions  are  shown  in  Figure  6.  An  absorption  band 
centered  at  ca.  408  nm  was  observed  to  evolve  when  DHA5  is  photolyzed  (A,  313  nm)  with  RDX,  which 
corresponds  to  the  formation  of  27.  An  emission  band  at  approximately  540  nm  concomitantly  evolved, 
which  can  be  assigned  to  emission  from  27  based  on  the  emission  profile  recorded  for  its  A/-H  analog 
26.  A  ca.  27-fold  increase  in  the  emission  intensity  at  540  nm  was  generated  after  2  minutes  of  UV 
irradiation.  Exactly  similar  absorption  and  emission  profiles  were  obtained  for  the  photoreaction 
between  DH  A5  and  PETN .  M  oreover,  the  presence  or  absence  of  oxygen  did  not  noticeably  change  the 
observed  optical  response. 


350  400  450  500  550 
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DHA5 


Figure  6.  Absorption  (A)  and  emission  (B,  Aex  =  415  nm)  profiles  of  the  photoreaction  of  DHA5  with 
RDX  in  acetonitrile  upon  irradiation  at  313  nm.  [DHA5]  =  1.3xl0'4  M  .  [RDX]  =  5.4xl0'5  M  .  Identical 
profiles  are  observed  for  the  photoreactions  of  DHA5  with  PETN.  The  presence  or  absence  of  oxygen 
similarly  does  not  affect  the  observed  absorption  and  emission  profiles.  The  absorption  profile  for  the 
extended  irradiation  of  a  blank,  aerated  solution  of  DHA5  is  also  shown  (C). 
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Photolysis  of  DHA5  under  aerobic  conditions  in  the  absence  of  RDX/PETN  failed  to  generate  a 
distinct  absorbance  band  at  408  nm.  Surprisingly,  electron-rich  DHA5  was  found  to  be  relatively 
photostable:  30  minutes  of  continuous  UV  irradiation  did  not  result  in  a  noticeable  change  in  the 
absorption  spectrum  of  DHA5  (Figure  6C),  and  its  emission  peak  at  355  nm  (see  Table  1)  was  found  to 
be  bleached  by  only  10%.  Further  UV  irradiation  eventually  lead  to  slight  yellowing  of  DHA5  solutions, 
and  poorly-defined  absorbance  peaks  at  356  nm  and  ca  440  nm  appeared  in  the  absorption  spectrum 
after  2  hours  of  continuous  UV  irradiation  under  air  (Figure  6C).  These  new  absorption  peaks  most 
likely  correspond  to  the  formation  of  radical  cations,  N -demethyl ated  species,  and/or  /V -oxide  derivatives 
of  DHA5.  Notably,  though,  a  significant  portion  of  this  photolyzed  DHA5  solution  remained  unoxidized 
after  2  hours,  and,  therefore,  the  subsequent  addition  of  RDX  or  PETN  nonetheless  lead  to  evolution  of 
a  408  absorbance  peak  and  540  nm  emission  peak  (5-fold  emission  turn-on)  after  a  20  second  exposure 
to  313  nm  light. 

As  seen  in  Figure  7,  exposing  a  mixture  of  DHA5and  RDX  to  broad-band  light  from  a  solar  simulator 

lead  to  the  evolution  of  the  same  408  nm  peak  observed  with  irradiation  at  313  nm.  The  rate  of 

formation  of  the  408  nm  peak  upon  exposure  to  simulated  sunlight  also  matched  that  observed  upon 

exposure  to  monochromatic  313  nm  light  from  a  xenon  arc  lamp  (Figure  7B).  Therefore,  simulated 

sunlight  was  preferentially  used  as  the  light  source  in  subsequent  studies  to  prove  that  the  D H A s  can 

function  as  technology-uni ntensive,  fluorogenic  indicators  for  RDX/PETN  under  ambient  sunlight. 

£  2.0 
c 

4  1.5 

s’  i.o 
£= 

TO 

-e  o.5 
o 

C/3 

I  0.0 

350  400  450  500  550 

Wavelength  (nm) 

Figure  7.  (A)  Absorption  profile  of  the  photoreaction  of  DHA5and  RDX  in  acetonitrile  upon  exposure 
to  broad-band  light  from  a  solar  simulator.  [DHA5]  =  1.3xl0'4  M  .  [RDX]  =  5.4xl0'5  M  .  (B)  The  rate  of 
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formation  of  the  408  nm  absorbance  peak  in  the  presence  of  RDX  upon  exposure  to  either  simulated 
sunlight  or  monochromatic  313  nm  light. 


The  absorption  and  emission  profiles  for  the  reaction  between  DHA6  and  PETN  upon  exposure  to 
simulated  sunlight  are  shown  in  Figure  8.  DHA6  behaved  similar  to  DHA5  in  terms  of  its  optical 
response.  Specifically,  an  absorbance  peak  at  409  nm  evolved  in  the  presence  of  either  RDX  or  PETN, 
accompanied  with  evolution  of  an  emission  band  at  540  nm.  The  presence  or  absence  of  oxygen  did  not 
affect  the  observed  optical  response  to  RDX/PETN .  DH  A6  was  also  found  to  be  relatively  photostable, 
with  no  change  in  its  absorption  spectrum  and  a  5%  bleaching  of  its  emission  band  at  382  nm  (see  Table 
1)  observed  after  30  minutes  of  continuous  exposure  to  sunlight.  The  only  significant  difference  between 
DHA5  and  DHA6  was  the  rate  of  formation  of  the  409  nm  /540  nm  absorption/emission  peaks.  DHA5 
was  found  to  yield  a  turn-on  signal  approximately  three  times  faster  than  DHA6.  We  hypothesize  that 
this  comparatively  slow  response  is  because  DHA6  forms  a  mixture  of  32  and  34  upon  reacting  with 
RDX/PETN  (see  Scheme  7).  Compound  32  is  responsible  for  the  409  nm/540  nm  absorption/emission 
bands,  whereas  34  is  not  green-fluorescent  and  is  responsible  for  the  356  nm  absorption  peak  seen  in 
Figure  8A. 
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Figure  8.  Absorption  (A)  and  emission  (B,  Xex  =  415  nm)  profiles  of  the  photoreaction  of  DHA6  with 


PETN  in  acetonitrile  upon  exposure  to  simulated  sunlight.  [DHA6]  =  1.3xl0'4  M  .  [PETN  ]  =  5.4xl0'5 

ll 

ACS  Paragon  Plus  Environment 


Page  23  of  35 


Submitted  to  Journal  of  the  American  Chemical  Society 


1 

2 

3 

4 

5 

6 

7 

8 

9 

10 
11 
12 

13 

14 

15 

16 

17 

18 

19 

20 
21 
22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

50 

51 

52 

53 

54 

55 

56 

57 

58 

59 

60 


M .  The  absorption  profile  for  the  extended  irradiation  of  a  blank,  aerated  solution  of  DHA6  is  also 
shown  (C). 


The  optical  response  of  DHA18  to  either  RDX  or  PETN  (Figure  9)  was  similar  to  that  of  DHA5.  An 
absorbance  band  at  413  nm  and  an  emission  peak  at  550  nm  evolved  upon  exposure  to  simulated 
sunlight  in  the  presence  of  either  RDX  or  PETN.  DHA18  was  also  relatively  photostable,  with  no 
change  in  its  absorption  spectrum  and  a  5%  bleach  of  its  emission  band  at  371  nm  (see  Table  1) 
observed  after  continuous  exposure  to  simulated  sunlight  for  30  minutes.  The  rate  of  photoreaction  of 
DHA18  with  RDX /PETN  was  slower  than  that  of  DHA5  but  faster  than  that  of  DHA6. 


Wavelength  (nm)  Wavelength  (nm) 
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Figure 9.  Absorption  (A)  and  emission  (B,  Xex  =  415  nm)  profiles  of  the  photoreaction  of  DHA18  with 
RDX  in  acetonitrile  upon  exposure  to  simulated  sunlight.  [DHA18]  =  1.3xl0'4  M  .  [RDX]  =5.4xl0'5  M  . 
The  absorption  profile  for  the  extended  irradiation  of  a  blank,  aerated  solution  of  DH  A18  is  also  shown 


(C). 


9,9-D iphenyl-substituted  DHA8  differed  slightly  from  the  other  DHAs  explored  in  this  work,  as  an 
absorbance  band  centered  at  470  nm,  as  opposed  to  ca.  410  nm,  evolved  during  its  photoreaction  with 
either  RDX  or  PETN  (Figure  10).  Based  on  accompanying  GC-M  S  analyses,  this  absorbance  band  could 
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be  assigned  to  the  formation  of  29.  An  emission  band  at  550  nm  was  also  observed  to  evolve 
concomitantly.  An  approximately  25-fold  increase  in  the  emission  intensity  at  550  nm  was  generated  in 
the  presence  of  either  RDX  or  PETN  upon  exposure  to  simulated  sunlight  for  40  seconds.  The  rates  of 
reaction  of  DHA5and  DHA8with  RDX/PETN  were  approximately  similar. 


_ i . i i i i 

350  400  450  500  550 


Wavelength  (nm) 

Figure  10.  Absorption  (A)  and  emission  (B,  X**  =  470  nm)  profiles  of  the  photoreaction  of  DHA8  with 
RDX  in  acetonitrile  upon  exposure  to  simulated  sunlight.  [DHA8]  =  1.3xl0'4  M  .  [RDX]  =5.4xl0'5  M  . 
The  dashed  green  line  depicts  the  emission  spectrum  obtained  for  a  blank  solution  of  DHA8  after 
irradiation  under  either  aerobic  or  anaerobic  conditions  for  60  minutes.  The  absorption  profile  for  the 
irradiation  of  a  blank,  aerated  solution  of  DHA8  is  also  shown  (C);  the  same  profile  is  also  obtained  for 
oxygen-free  solutions  of  DH  A8. 


Unlike  DHA5,  DHA6  and  DHA18,  exposing  solutions  of  DHA8  to  sunlight  (or  monochromatic  UV 
light)  in  either  the  presence  or  absence  of  oxygen  lead  to  the  formation  of  a  distinct  absorbance  band  at 
380  nm,  with  an  accompanying  emission  band  centered  at  478  nm.  The  same  photoreactivity  was  also 
observed  for  other  DHAs  that  contained  at  least  one  phenyl  substituent  in  the  9-position  (DHA4, 
DHA11  and  DHA13).  Since  these  absorption/emission  bands  were  observed  to  evolve  even  in  the 
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absence  of  oxygen,  they  are  most  likely  not  generated  by  simple  photooxidation  products  of  DHA8. 
M  oreover,  the  evolution  of  the  absorbance  band  at  380  nm  cannot  be  ascribed  to  a  photodimerization 
event,  as  the  product  of  such  a  reaction,  D1  (Scheme  6),  has  an  absorption  maximum  of  457  nm.  We  are 
currently  unsure  as  to  the  origin  of  the  photoproduct  responsible  for  the  380  nm/478  nm 
absorption/emission  peak  but  suspect  that  a  photocyclization  reaction  occurs  in  DH  As  with  at  least  one 
phenyl  substituent  in  the  9-position.  Nevertheless,  for  the  purposes  of  this  work,  it  can  be  seen  in  Figure 

10  that  the  competing  photoreaction  in  blank  solutions  of  DHA8  is  slower  than  the  photonitration  of 
DHA8  in  the  presence  of  RDX/PETN  and  an  emission  peak  at  550  nm  is  cleanly  generated  by  these 
explosives  in  under  10  seconds. 

Reaction  Kinetics.  The  most  significant  difference  between  the  DH  As  reported  in  this  work  involved 
the  rate  of  formation  of  the  nitrated  photoproducts  upon  reaction  with  RDX  or  PETN.  By  following  the 
evolution  of  the  characteristic  low-energy  charge  transfer  band  (centered  at  ca.  400  nm)  of  the  nitrated 
DH  As  with  irradiation  time,  we  were  ableto  identify  differences  in  the  reactivities  of  DHA1-18  (Figures 

11  and  12).  As  can  be  seen  in  Figure  11,  the  substituents  at  the  9-position  of  DH  As  significantly  affected 
their  reactivities.  DHAs  with  at  least  one  methyl  or  phenyl  substituent  at  the  9-position  were  rapidly 
nitrated  in  the  presence  of  RDX  or  PETN.  DHAs  with  alkyl  (other  than  methyl)  substituents  at  the  9- 
position  displayed  relatively  slower  rates  of  nitration,  with  isopropyl  substituents  leading  to  the  slowest 
reaction  rates.  Replacing  the  9-methyl  substituents  with  trifluoromethyl  moieties  also  retarded  the 
reaction  rate.  Nominally  faster  reaction  rates  were  generally  observed  with  PETN  over  RDX  for  all 
DHAs.  9,9-D ioctylfluorene  was  used  as  a  negative  control  for  these  studies  and,  in  all  cases,  the  DHAs 
reported  in  this  work  yielded  a  significant  absorption  signal  at  400  nm  over  background. 

The  nature  of  the  N -substituent  was  also  found  to  affect  the  rate  of  photonitration  in  the  presence  of 
RDX/PETN.  As  seen  in  Figure  12,  for  DHAs  with  ethyl  or  isopropyl  substituents  at  the  9-position,  the 
A/-H  analogues  reacted  faster  the  N-M  e  analogues.  For  DHAs  with  phenyl  or  methyl  substituents  in  the 
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9-position,  this  trend  was  reversed  and  A/-M  e  analogues  displayed  the  fastest  reaction  rates.  M  oreover, 
A/-arylation  was  found  to  significantly  retard  the  rate  of  photonitration. 
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Figure  11.  The  effect  of  the  substituents  at  the  9-position  of  DHAs  on  their  photoreactions  with  RDX 
and  PETN .  Shown  are  the  rates  of  evolution  of  the  absorbance  peak  at  410  nm  (470  nm  for  DHA8)  for 
the  photoreactions  between  DHA5-15  and  (A)  RDX  or  (B)  PETN.  DOF  is  9,9-dioctylfl uorene,  which 
was  used  as  a  negative  control. 
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Figure  12.  The  effect  of  the  A/ -substi tuent  of  DHAs  on  their  photoreactions  with  RDX.  Shown  are  the 
rates  of  evolution  of  the  absorbance  peak  at  410  nm  (470  nm  for  DHA8)  for  the  photoreactions  between 
various  DHAs  and  RDX . 


Lastly,  the  rate  of  formation  of  nitrated  DHAs  was  compared  to  the  formation  of  DM  NA  from  DMA. 
As  seen  in  Figure  13,  the  reactivity  of  DHA5,  which  displayed  the  fastest  rate  of  nitration  among 
DHA1-18,  is  comparable  to  that  of  DM  A. 
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Figure  13.  Comparison  of  the  rates  of  nitration  of  DHA5  vs  DMA  in  the  presence  of  (A)  RDX  or  (B) 
PETN. 
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Solid  State  RDX/PETN  Detection.  Based  on  the  previously-detailed  rates  of  nitration  of  DHA1-18 
by  the  photofragmentation  products  of  RDX  and  PETN,  we  initially  chose  to  focus  on  DHA5,  DHA8, 
DHA11  and  DHA13  as  potential  indicators  for  RDX  and  PETN,  as  they  displayed  the  fastest  rates  of 
reaction.  Between  these  four  DHAs,  DHA5  and  DHA8  were  favored  because  their  nitrated  products 
displayed  high  fluorescence  quantum  yields.  We  chose  to  use  DHA5  to  demonstrate  detection  of 
RDX/PETN  in  the  solid  state;  however,  similar  results  and  detection  limits  were  also  obtained  with 
DHA8. 

In  order  to  evaluate  the  utility  of  DHA5  as  a  fluorescent  indicator  for  RDX  and  PETN,  the  solid-state 

response  of  DHA5  to  RDX  and  PETN  was  investigated.  For  this  study,  glass  slides  coated  with  DHA5 
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were  prepared  by  dipcoating  into  8xl0'3  M  solutions  of  the  indicator  in  acetonitrile  and  air  drying.  RDX 
and  PETN  solutions  of  varying  concentration  were  spotted  onto  the  surface  and  the  slides  then  irradiated 
with  a  solar  simulator  for  no  longer  than  120  seconds. 


Wavelength  (nm) 

B  - 


Me  Me 


Me 

DHA5 


C 


100  pg 
RDX 


Figure  14  (A)  Emission  profile  (Xex  420  nm)  of  a  glass  slide  coated  with  DHA5  (black  line)  and  the 
same  slide  after  spotting  with  ca.  10  ng  of  RDX  and  irradiating  with  a  solar  simulator  for  60  seconds 
(green  line).  (B)  Picture  of  a  glass  slide  coated  with  DHA5,  spotted  with  ca.  10  ng  RDX  and  exposed  to 
simulated  sunlight  for  120  s.  (C)  Limits  of  solid-state  detection  of  RDX  and  PETN  as  measured  by 
monitoring  the  change  in  emission  intensity  at  540  nm  upon  exposure  to  simulated  sunlight. 


As  shown  in  Figure  14A,  an  acceptable  turn-on  emission  signal  at  540  nm  was  generated  by  10  ng  of 

RDX  after  60  seconds  of  irradiation  with  a  solar  simulator.  In  addition  to  a  fluorescence  signal,  the 

distinct  yellow  color  of  27  could  also  be  observed  by  eye,  as  shown  in  Figure  14B.  The  limits  of 

detection  of  the  DHA5  chemosensor  were  estimated  by  spotting  RDX  or  PETN  solutions  of  varying 
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concentrations  onto  the  DHA5-coated  slides  and  are  shown  in  Figure  12C.  In  general,  a  greater  emission 
signal  at  540  nm  was  generated  by  PETN  over  RDX,  possibly  because  PETN  is  more  susceptible  to 
photodegradation  than  RDX . 

Select  i nterf erents,  such  as  ketones  and  aldehydes,  did  not  produce  a  significant  emission  signal  at  540 
nm.  M  oreover,  consistent  with  observations  made  during  the  synthesis  of  Dl,  hydrogen  peroxide  did  not 
react  readily  with  DHA5  and  most  likely  only  formed  a  small  quantity  of  the  radical  cation  of  DHA5, 
which  is  non-emissive  and  therefore  did  not  produce  any  emission  at  540  nm. 

Aqueous  potassium  nitrate  solutions  of  varying  concentrations  were  also  spotted  onto  the  DHA5- 
coated  glass  slides  in  order  to  gauge  the  response  of  the  DHA5  indicator  to  nitrate  contaminants. 
Consistent  with  previous  observations,  sub-micromolar  solutions  of  potassium  nitrate  did  not  generate  a 
significant  emission  signal  at  540  nm  after  one  hour  in  either  the  absence  of  presence  of  simulated  solar 
irradiation.  Using  a  30  mM  solution  of  potassium  nitrate,  an  approximately  8-fold  increase  in  the 
emission  intensity  at  540  nm  was  observed  after  a  10  minute  exposure  to  simulated  sunlight.  However, 
given  the  high  nitrate  concentration  and  relatively  long  irradiation  time  necessary  to  effect  this  emission 
signal,  interference  from  nitrates  during  RDX /PETN  detection  can,  in  theory,  be  surmounted. 

Within  experimental  error,  approximately  100  pg  of  RDX  and  PETN  can  be  detected  by  the  DHA5 
indicator  under  aerobic  conditions  by  monitoring  the  emission  intensity  at  540  nm.  In  the  presence  of 
nitrate  interferents,  this  detection  limit  is  conservatively  estimated  as  ca.  1  ng.  These  detection  limits, 
although  not  low  enough  for  the  detection  of  equilibrium  vapor,  are  competitive  with  present 
transportation  security  systems  that  make  use  of  swipes  to  collect  particles. 

Conclusions 

We  have  found  that  the  nitramine-containing  explosive  RDX  and  the  nitroester-containing  explosive 
PETN  are  susceptible  to  photofragmentation  upon  exposure  to  sunlight  to  produce  reactive  NOx  species, 

such  as  nitrogen  dioxide  and  nitric  acid.  A/ ,A/-D i methylani I ine  and  9,9-disubstituted  9,10- 
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di hydroacridines  (DHAs)  are  capable  of  being  selectively  nitrated  by  the  reactive,  electrophilic  N0X 
photofragmentation  products  of  RDX  and  PETN.  This  nitration  reaction  proceeds  rapidly  and  yields 
only  one  major,  singly-nitrated  product.  A  roughly  25-fold  increase  in  the  emission  signal  at  550  nm  is 
observed  upon  nitration  of  DHAs  due  to  the  generation  of  fluorescent  donor-acceptor  chromophores.  By 
monitoring  the  emission  intensity  at  ca.  550  nm,  the  presence  of  approximately  100  pg  of  RDX  or  PETN 
can  be  detected  within  one  minute  by  these  indicators  in  the  solid  state  upon  exposure  to  sunlight.  The 
photonitration  reaction  presented  herein  is  a  unique  and  selective  detection  mechanism  for  nitroester  and 
nitramine  explosives  that  is  distinct  from  a  previously-reported  photoreduction  reaction  to  detect 
explosives.  The  rapid  nitration  of  9,9-diphenyl  or  -dimethyl  substituted  DHA  chemosensors  in  the 
presence  of  RDX  or  PETN  and  the  resulting  strong,  turn-on  emission  signal  qualifies  these  DHAs  as 
cheap,  impermanent  indicators  for  the  selective,  standoff  identification  of  nitroester  and  nitramine 
explosives. 
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9,9-D isubstituted  9,10-dihydriacridines  (DHAs)  are  nitrated  by  the  photofragmentation  products  of  the 
high  explosives  RDX  and  PETN.  The  donor-acceptor  chromophores  thus  generated  have  high  extinction 
coefficients  and  moderate  fluorescence  quantum  yields  and,  therefore,  generate  a  turn-on  fluorescence 
signal.  1.2  ng  of  RDX  and  320  pg  of  PETN  can  be  detected  by  DHAs  in  the  solid  state  upon  exposure  to 
sunlight.  The  nitration  reaction  is  presented  as  a  unique  and  selective  detection  mechanism  for  nitroester 
and  nitramine  explosives  and  DHAs  are  presented  as  cheap  and  impermanent  indicators  for  the 
selective,  standoff  identification  of  RDX  and  PETN. 


ACS  Paragon  Plus  Environment 


32 


Page  33  of  35 


Submitted  to  Journal  of  the  American  Chemical  Society 


1 

2 

3 

4 

5 

6 

7 

8 

9 

10 
11 
12 

13 

14 

15 

16 

17 

18 

19 

20 
21 
22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

50 

51 

52 

53 

54 

55 

56 

57 

58 

59 

60 


References  and  Notes 

(1)  Jungreis,  E.  in  Spot  Test  Analysis:  Clinical,  Environmental,  Forensic,  and  Geochemical 
Applications,  2nd  ed.,  J  Wiley,  New  Y ork,  1997. 

(2)  For  representative  examples  see:  (a)  Che,  Y Y ang,  X Liu,  G Yu,  C J i,  H Zuo,  J Zhao,  J 
Zang,  L.J.Am.  Chem.  Soc.  2010, 132,  5743-5750.  (b)  Lan,  A.;  Li,  K.;  Wu,  H.;  Olson,  D.  H.;  Emge,  T. 
J.;  Ki,  W.;  Hong,  M  .;  l\,\.Angew.  Chem.  Int.  Ed.  2009,  48,  2334-2338.  (c)  Tao,  S.;  Y in,  J Li,  G.J. 
Mater.  Chem.  2008, 18, 4872-4878. 

(3)  (a)  Toal,  S.  J .;  Trogler,  W .  C. J .  Mater.  Chem.  2006, 16,  2871-2883.  (b)  Y ang,  J  ,-S.;  Swager,  T.  M  . 
J.Am.  Chem.  Soc.  1998, 120,  5321-5322. 

(4)  Engel,  Y .;  Elnathan,  R Pevzner,  A.;  Davidi,  G.;  Flaxer,  E Patolsky,  F.Angew.  Chem.  Int.  Ed. 
2010,  49,  6830-6835. 

(5)  (a)  Bruschini,  C.  Subsurf.  Sens.  Technol.  Appl.  2001,  2,  299-336.  (b)  Takats,  Z.;  Cotte-Rodriguez, 
I.;  Talaty,  N Chen,  H.;  Cooks,  R.  G.  Chem.  Commun.  2005, 1950-1952. 

(6)  Eilbert,  R.  F.  in  Aspects  of  Explosives  Detection,  Eds:  M  .  Marshall,  J.  C.  Oxley,  Elsevier,  London, 
2009,  pp.  89-130. 

(7)  Andrew,  T.  L.;  Swager,  T.  M  .J .  Am.  Chem.  Soc.  2007, 129,  7254-7255. 

(8)  Cope,  W .  C.;  Barab,  J  .J.Am.  Chem.  Soc.  1917,  39,  504-514. 

(9)  Balakrishnan,  V.  K Halasz,  A.;  Hawari,  J .  Environ.  Sci.  Technol.  2003, 37, 1838-1843. 

(10)  Greiss,  P.  Ber.  Dtsch.  Chem.  Ges.  1879, 12, 427-434. 

(11)  The  original  reagent  reported  by  Greiss  was  composed  of  sulfanilic  acid  and  a-naphthylamine; 
however,  a  more  stable  version  of  this  formulation  (the  Zeller-G reiss  reagent)  containing  sulfanilamide 


ACS  Paragon  Plus  Environment 


33 


Submitted  to  Journal  of  the  American  Chemical  Society 


Page  34  of  35 


1 

2 

3 

4 

5 

6 

7 

8 

9 

10 
11 
12 

13 

14 

15 

16 

17 

18 

19 

20 
21 
22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

50 

51 

52 

53 

54 

55 

56 

57 

58 

59 

60 


and  N-(a-naphthyl)-ethylenediamine  hydrochloride  has  since  been  adopted:  Zeller,  H.  D  .Analyst,  1955, 
80,  632-640. 

(12)  (a)  Hawari,  J.;  Halasz,  A.;  Groom,  C.;  Deschamps,  S.;  Paquet,  L Beaulieu,  C Corriveau,  A. 
Environ.  Sci.  Technol.  2002,  36,  5117-5123.  (b)  J  ust,  C .  L Schnoor,  J .  L.  Environ.  Sci.  Technol.  2004, 
38,  290-295.  (c)  Burton,  D.  T.;  Turley,  S.  D.  Bull.  Environ.  Contam.  Toxicol.  1995,  55,  89-95.  (d) 
Glover,  D.J.;  H  offsommer,  J .  C.  Technical  Report  for  Naval  Surface  Weapons  Center:  Silver  Spring, 
M  D,  February  1979. 

(13)  (a)  Sanchez, J.  C.;  Trogler,  W.  C.J .  Mater.  Chem.  2008, 18,  3143-3156.  (b)  Roos,  B.  D.;  Brill,  T. 
B.  Combust  Flame.  2002, 128, 181-190. 

(14)  (a)  Peyton,  G.  R.;  LaFaivre,  M  .  H.;  M  aloney,  S.  W.  CERL  Technical  Report  for  US  Army  Corps 
of  Engineers:  Champaign,  IL,  November  1999.  (b)  Gowenlock,  B.  G.;  Pfab,  J .;  Y  oung,  V.  M  .  J .  Chem. 
Soc.,  Perkin  Trans.  2, 1997,  915-919.  (c)  Pace,  M  .  D.J .  Phys.  Chem.  1994,  98,  6251-6257. 

(15)  Bark,  L.  S.;  Catterall,  R.  Mikrochim.  Acta.  1960,  4,  553-558. 

(16)  Demethylation  of  DM  A  has  been  observed  in  other  cases:  (a)  M  acdonald,  T.  L.;  Gutheim,  W.  G 
Martin,  R.  B.;  Guengerich,  F.  P.  Biochemistry,  1989,  28,  2071-2077.  (b)  Doyle,  M .  P Can  Lente,  M . 
A.;  Mowat,  R.;  Fobare,  W .  F.j .  Org.  Chem.  1980,  45,  2570-2575. 

(17)  DMNA  generally  displays  a  low  fluorescence  quantum  yield  because  it  is  susceptible  to 
photolytic  cleavage  upon  excitation:  (a)  Costela,  A.;  Garcia-M oreno,  I.;  Garcia,  0.;  Sastre,  R.  Chem. 
Phys.  Lett.  2001,  347,  115-120  (laser  irradiation  at  337  nm);  (b)  Gorner,  FI.;  Dopp,  D.  Photochem. 
Photobiol.  Sci.  2002,1,270-277. 


ACS  Paragon  Plus  Environment 


34 


Page  35  of  35 


Submitted  to  Journal  of  the  American  Chemical  Society 


1 

2 

3 

4 

5 

6 

7 

8 

9 

10 
11 
12 

13 

14 

15 

16 

17 

18 

19 

20 
21 
22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

50 

51 

52 

53 

54 

55 

56 

57 

58 

59 

60 


(18)  Donor-acceptor  anilines  containing  a  nitro  group  as  the  "acceptor”  component  have  been 
previously  shown  to  be  acceptable  fluorophores.  For  example,  see:  Gruen,  H Gorner,  H .].  Phys. 
Chem.  1989,  93,  7144-7152. 

(19)  Compound  17  was  synthesized  following  a  previously  published  procedure:  Campeau,  L.-C.; 
Parisien,  M Jean,  A.;  Fagnou,  K .J.  Am.  Chem.  Soc.,  2006,  128,  581-590,  but  is  also  commercially 
available. 

(20)  Oka,  H.;  Kouno,  H .;  Tanaka,  H .J.  Mater.  Chem.  2007,17, 1209-1215. 

(21)  The  poor  reactivity  of  the  hexafluoroisopropanol  group  toward  Fried  el -Crafts  reactions  has  been 
observed  before:  Amara,  J.  P S wager,  T.  M  .  M acromolecules,  2006,  39,  5753-5759  and  references 
therein. 

(22)  Seo,  E.  T .;  Nelson,  R.  F.;  Fritsch,  J.  M .;  Marcoux,  L.  S.;  Leedy,  D.  W.;  Adams,  R.  N.  J .  Am. 
Chem.  Soc.  1966,  88,  3498-3503. 

(23)  Rathore,  R.;  Kumar,  A.  S.;  L indeman,  S.  V.;  Kochi, J .  K .J .  Org.  Chem.  1998,  63,  5847-5856. 

(24)  Nitric  acid  on  silica  gel  (Si02:H N O3)  was  previously  used  to  controllably  mono-nitrate  electron 
rich  calixarenes:  Xu,  B.;  Swager,  T.  M  .J .  Am.  Chem.  Soc.  1993, 115, 1160-1162. 

(25)  Strongly  solvent-dependent  fluorescence  quantum  yields  have  been  previously  observed  for 
donor-acceptor  chromophores.  For  example,  see  ref.  18. 


ACS  Paragon  Plus  Environment 


35 


